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^ This  report  describes  the  continuing  performance  of  the  first  retrofit- 
constructed,  solar-heated  facility  in  the  USAF,  the  Solar  Test  House  at  the 
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on  the  following:  additional  heat  exchangers;  bleed  air  line  and  valves; 

ground  array  angle  changes;  reduced  volume  of  storage  tank;  control  temperature 
reductions;  flow  rate  reductions  and  new  data  gathering  system.  The  Solar  Test 
House  was  modified  to  conserve  thermal  energy  by  using  urea  foam  insulation 
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outlets.  Thermography  studies  have  been  started  to  explore  the  flow  pattern- 
through  the  solar  arrays  and  correlate  pictures  with  multiplexed  sensor  readi  s, 
Daily,  monthly,  and  yearly  data  analysis  is  reported  to  show  the  effects  of  ti.a 
various  system  and  operational  changes  and  the  Improved  performance. 
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CHAPTER  1 


INTRODUCTION 

1 . 1 Introduction 

This  interim  technical  report  describes  the  continuing  perform- 
ance of  the  Solar  Test  House  at  USAFA  (Fig.  1-1)  from  May  1976  to 
April  1977.  This  report  is  the  second  in  a series  of  reports  aimed 
at  evaluating'  the  data  collected  by  the  data  and  control  system  at 
the  house.  Date  analysis,  evaluation  of  modifications  made  to  improve 
the  performance  of  the  various  components  and  the  evaluation  of 
improved  overall  efficiency  are  the  main  thrusts  of  this  report. 

The  first  interim  technical  report,  FJSRL  TR  76-0008,  September  1976, 
should  be  referenced  for  details  on  original  system  construction. 

The  project  coordination  with  the  Air  Force  Systems  Command 
has  been  shifted  from  the  Air  Force  Civil  Engineering  Center  to  the 
Civil  and  Environmental  Engineering  Development  Organization  (CEEDO) . 
Support  tor  the  project  continues  to  come  froiu  the  Frank  J.  Seiler 
Research  Laboiatory. 

This  report  should  provide  a base  of  information  for  use  by 
engineers  in  the  field  while  analyzing  various  designs  for  possible 
problem  areas.  By  enumerating  the  difficulties  observed  with  an 
operating  solar  energy  system,  by  analyzing  the  effectiveness  of  the 
attempted  corrections,  and  by  Illustrating  the  efficiencies  possible 
from  such  systems,  this  report  can  be  referenced  as  a measure  of 
performance  and  a source  of  possible  solutions  to  future  problems. 
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Figure  1-1.  USAFA  Solar  Test  House 


In  tills  light,  emphasis  will  be  placed  on  observations  of  the 


researchers  in  areas  difficult  to  quantify.  Data  and  its  analysis 
are  included  to  substantiate  actual  results. 

1 . 2 Project  Objectives 

The  objectives  of  this  project  remain: 

a.  to  develop  baseline  design  criteria  to  support  future 
Air  Force  solar  energy  programs; 

b.  to  obtain  sound  design,  construction,  and  operations 
and  maintenance  experience  in  real  property-oriented  solar  energy 
systems ; 

c.  to  obtain  sound  cost  data  on  such  solar  energy  systems 
upon  which  future  economic  effectiveness  models  may  be  based. 

1. 3 Approach 

The  approach  taken  during  the  first  year  of  operation  of  this 
solar  energy  system  was  that  of  observing  the  various  components  in 
operation  and  the  effects  of  the  parameters  on  overall  efficiency. 

The  primary  concern  during  the  early  stages  of  the  project  was  opera- 
tion and  refinement  of  the  interface  of  the  collector,  storage  tank 
and  house  heating  systems.  The  analysis  of  the  data  collected  was 
handled  through  the  computer  programs  designed  to  give  the  researchers 
the  most  vital  information  at  first  glance.  Detailed  analysis  of  the 
more  technical  areas  were  covered  by  further  computer  analysis  or  by 
assigning  those  areas  to  cadets  as  special  projects.  This  series 
of  priorities  led  to  emphasis  being  placed  on  maintaining  the  system 
at  top  performance  and  addressing  the  problems  with  performance 
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directly  as  they  appeared.  As  will  be  discussed  in  this  report 


various  attempts  at  improving  that  performance  were  successful,  and 
the  data  analysis  will  show  the  extent. 

The  units  used  in  this  report  are  a mixture  of  English  and  SI. 

The  data  system  and  daily  analysis  computer  program  used  English 
units  until  May  1977.  The  summaries  listed  for  monthly  and  yearly 
performance  are  in  SI  units.  Where  appropriate,  both  types  of  units 
are  given;  however,  due  to  common  practice  in  the  construction  indus- 
try, heat  transmission  and  resistance  coefficients  are  listed  in 
English  units. 

1 . 4 Contents  of  the  Report 

This  report  covers  the  period  of  data  collection  from  May  1976 
to  April  1977.  The  overall  performance  period  is  extended  to  include 
the  very  earliest  operations  to  show  the  effects  of  operational  and 
system  changes.  The  use  of  energy  conservation  techniques  is  dis- 
cussed to  Illustrate  the  effects  on  system  performance  when  the 
heating  load  is  reduced.  This  area  could  be  applied  to  any  type  of 
structure,  not  just  those  with  solar  energy  applications.  The 
control  system  was  modified  to  increase  accuracy  of  measurement  and 
to  allow  additional  parameters  to  be  analyzed.  The  use  of  thermog- 
raphy, itself  a new  field,  is  covered  to  show  its  direct  application 
to  solar  energy  subsystem  performance  determination.  \n  extensive 
section  of  the  report  discusses  the  data  obtained  during  operation 
and  its  dally,  monthly  and  yearly  significance.  Finally,  conclusions 
reached  during  this  period  of  operation  and  recommendations  for  the 

! 

Ji 


future  are  listed  to  illustrate  the  scope  of  the  continuing  research 
at  this  test  house. 
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CHAPTER  2 


I 
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SYSTEMS  AND  OPERATIONAL  CHu\NGES 


2 . 1 Ground  Array  | 

The  ground  array  (Fig.  2-1)  was  chosen  as  a test  bed  for  the  | 

modifications  to  be  made  to  the  collector  loops.  The  ground  array's  ] 

location  allowed  quick  and  easy  access  for  making  these  changes  | 

without  the  safety  hazards  and  multiple  trusses  encountered  when  | 

working  on  tlie  roof  array.  The  changes  made  on  the  ground  array  | 

were  the  addition  of  a heat  exchanger  to  the  collection  fluid  loop,  | 

the  addition  of  a bleed  air  line  to  the  collectors,  the  variation  of  | 

the  slope  of  the  array  itself,  the  addition  of  air  pressure  gauges, 
and  the  insulation  of  the  plumbing  raceways.  i 

2.1.1  Heat  Exchangers 

During  the  first  year  of  operation  of  the  solar  energy 
system,  there  was  a significant  temperature  difference  during  the 
heat  excliange  between  the  collection  fluid  and  the  storage  tank 
water.  The  temperature  of  the  fluid  in  the  lieat  excitangers  was  not 
unexpected,  as  all  heat  exchangers  have  an  efficiency  of  heat  transfer 
less  than  100%.  However,  the  lieat  transfer  temperature  difference 


dictated  the  temperature  returning  to  the  collectors  during  operation 
and  thus  directly  affected  collector  efficiency.  Solar  energy  col- 
lector efficiency  Is  a function  of  the  temperature  of  the  fluid  in 
the  collector  and  the  temperature  of  the  panel  absorbing  surface. 

The  higher  the  temperature  of  a flat  plate  collector  surface,  the 
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Ground 


larger  the  driving  temperature  difference  berween  the  collector  | 

and  the  ambient  air,  and  the  lower  the  collection  efficiency 
(Fig.  2-2). 

During  the  summer  of  1976,  another  heat  exchanger  was  added 
to  the  ground  array  collection  fluid  loop  (Fig.  2-3).  This  heat 
exchanger  was  exactly  the  same  type  as  originally  installed,  sheet 
and  tube,  steel  construction.  It  was  installed  in  parallel  with  the 
other  two  heat  exchangers  and  was  located  within  10cm  of  the  center 
of  the  storage  tank.  A dielectric  union  was  again  used  in  an  attempt 
to  isolate  the  steel  heat  exchanger  from  the  copper  plumbing.  During 
this  work,  corrosion  on  the  other  heat  exchangers  was  noted  (Fig.  2-4;. 

Operation  of  tlie  ground  array  collection  loop  chavtged  with 
respect  to  that  of  the  roof  array  after  this  modif  icatio’-' . The 
temperature  of  the  water  returning  to  the  ground  array  more  closely 
approximated  that  of  tlie  storage  tank.  The  difference  between  the 
temperatures  into  and  out  of  the  ground  array  remained  as  it  should, 
but  the  temperature  of  the  whole  circuit  tended  to  be  lower  than  the 
roof  array.  This  led  to  two  system  operational  changes.  First,  the 
ground  array  would  apparently  function  at  a higlier  efficiency  of 
collection  due  to  the  lower  temperature  of  the  collection  fluid. 

This  point  was  never  specifically  tested  hut  pla  Ing  both  arrays 
at  the  sami  angle  during  tlie  winter  of  ‘ 977  will  allow  this  deter- 
mination. Secondly,  the  ground  array  tended  to  stop  operations  in 
the  afternoon  sooner  tiian  the  roof  array.  ihe  controlling  temperature 
difference  for  collection  loop  operation  is  tiiat  between  the  water 
coming  out  oi  the  array  and  the  storage  tank  itself.  The  ground 
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iency  Curv- 


array  would  always  reach  the  temperature  of  the  storage  tank  first 


and  would  be  shut  down  by  the  microprocessor  approximately  15  minutes 
earlier  than  the  roof  array  each  day.  Thus,  the  extra  heat  exchanger 
acted  two  ways:  it  allowed  the  operation  of  the  collectors  at  a 
higher  efficiency,  and  it  caused  the  collection  of  energy  to  stop 
sooner . 

2.1.2  Bleed  Air  Line 

Air  entrapment  in  the  solar  collectors  has  plagued  this 
system  since  it  first  started  operation.  In  the  parallel-series 
plumbing  arrangement  it  was  easy  for  air  to  become  trapped  at  the 
top  of  the  collectors.  This  was  because  ol  two  problei.is:  no  route 
for  the  air  out  of  the  system  and  the  balancing  of  a direct  return 
plumbing  system. 

The  original  des'gn  of  the  collector  loops  included  an  expansion 
tank  and  an  air  vent  valve.  On  the  ground  array,  the  air  vent  valve 
occasionally  did  entrap  some  air  but  it  did  not  on  the  roof  array 
system.  The  tendency  for  the  air  to  rise  to  the  iiigh  point  of  any 
system  forced  the  air  to  the  top  of  the  roof  array  and  usually  into 
the  third  cluster  of  collectors. 

The  direct  return  method  used  in  plumbing  the  clusters  of  col- 
lectors in  parallel  was  inherently  difficult  to  balance.  Although 
balancl<ig  cocks  were  installed,  and  eventually  pressure  gauges  as 
well,  tmtil  the  multiplexer  discussed  in  Section  4 was  operational, 
no  reading  of  the  actual  flow  pattern  was  possible.  A reverse  return 
system  would  have  allowed  the  system  to  automatically  balance  at  the 
added  cost  of  extra  copper  piping. 
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Thus,  once  air  got  into  the  system.  It  was  not  removed  by  the 
air  vent  nor  the  plumbing  design.  The  air  would  gather  at  the  top 
of  a collector  and  block  the  flow  of  fluid  up  one  of  the  parallel 
tubes  on  the  absorbing  surface.  This  blockage  would  stop  energy 
collection  in  that  area  and  elevate  the  surface  temperature.  This 
would  further  aggravate  the  problem  by  flashihg  the  nearby  water 
and  ethylene-glycol  mixture  to  steam.  The  pressure  in  the  total 
system  would  raise  and  the  "hot  spot"  would  promulgate  across  the 
panel  until  complete  blockage  occurred.  Eventually,  whole  clusters 
would  stop  co] lecting  energy,  thus  reducing  the  effective  area  for 
collection. 

The  ground  array  was  modified  to  attempt  to  solve  this  problem. 

A 0.635cm  (1/4")  copper  tube  was  attached  to  the  petcock  on  the  upper 
left-liand  side  of  each  panel.  The  tube  was  then  connected  to  another 
0.635cm  (1/4")  copper  tube  running  the  length  of  the  array  and  sloping 
upward  to  the  right.  At  the  end  of  the  tube  was  located  an  expansion 
tank  (Fig.  2-5)  and  another  air  vent  valve.  All  the  petcocks  were 
opened  and  the  collection  system  allowed  to  operate  normally. 

The  bleed  air  line  was  also  used  for  the  initial  charging  of 
the  array.  A small  submersible  pump  was  attached  to  the  end  of  the 
return  water  line  and  turned  on  wliile  in  a bucket  containing  a mixture 
of  water  and  ethylene-glycol.  The  petcocks  were  opened  one  by  one 
until  all  the  air  was  forced  out.  However,  minute  leaks  were  always 
present  and  the  air  would  eventually  get  back  into  the  system. 

The  bleed  air  line  did  not  appear  to  have  any  effect  during 
operation  of  the  collector  loops  at  full  flow.  Air  still  became 
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entrapped  in  the  ground  array  almost  as  fast  as  the  entrapment  in 


the  roof  array.  Approximately  once  per  month,  a normal  recharge 
had  to  be  accomplished.  However,  after  the  multiplexer  (Section  4) 
and  the  thermography  (Section  5)  results  were  studied,  and  half 
speed  flow  was  chosen,  the  bleed  air  line  appeared  to  be  effective. 

The  ground  array  did  not  show  the  high  temperatures  that  accompany 
an  air  blockage  while  the  roof  array  still  was  blocked  as  usual. 

The  flow  rate  change  is  more  thoroughly  discussed  in  Section  2.3.3. 

2.1.3  Air  Pressure  Gauges 

In  an  attempt  to  gain  information  on  the  flow  patterns 
in  the  ground  array,  air  pressure  gauges  were  added  to  the  collection 
loop  (Fig.  2-6).  These  gauges  would  allow  direct  observation  of  the 
actual  pressure  at  the  strategic  points  of  flow  such  as  into  and 
out  of  the  clusters  of  panels.  However,  the  actual  differences  in 
flow  pressure  at  these  points  were  so  small,  the  accuracy  of  the 
gauges  would  not  allow  its  determination.  The  pressures  during 
operation  of  Llie  loops,  when  the  gauges  at  the  pump  would  indicate 
83  KPa  (12  psi),  were  usually  55  KPa  (8  psi)  into  a cluster  and 
28  KPa  (4  psi)  out.  As  evidence  later  would  show,  this  was  not  an 
accurate  indication  of  the  flow  pattern. 

2.1.4  Angle  Change 

The  ground  array  was  constructed  to  allow  changes  to 
be  made  in  the  angle  with  respect  to  the  horizontal  to  three  settings: 
45^,  52^  and  60^.  On  1 Oct  76,  the  ground  array  was  jacked  up  by  a 
crew  of  five  men  and  the  60*^  saddles  were  installed  (Fig.  2-7).  This 
change  allowed  the  ground  array  panels  to  be  more  closely  aligned 
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Figure  2-6 
Air  Pressure  Gauges 


perpendicular  to  the  sun's  rays  during  the  winter  months.  As  is 
shown  in  Appendix  B,  the  available  Insolation  to  a collector  at  60° 
was  greater  than  at  52°  from  approximately  j November  to  20  February. 
During  this  period  the  ground  array  did  function  most  of  the  time  at 
a better  collection  efficiency  than  that  of  the  roof  array.  However, 
exact  figures  ou  how  much  better  were  difficult  to  calculate  due  to 
continuing  air  blockage  problems  and  the  presence  of  the  third  heat 
exchanger.  The  direct  evidence  was  the  higher  temperature  differ- 
ence that  occurred  between  the  fluid  into  the  ground  array  and  then 
back  to  the  storage  tank  when  compared  to  the  roof  array.  Caution 
was  used  in  determining  efficiencies  due  to  air  blockage  problems  on 
the  roof  also  elevating  the  water  temperature.  Since  flow  rate  was 
base'J  on  valve  position,  the  analysis  program  could  erroneously  cal- 
culate a liigh  level  of  efficiency  with  high  temperatures  at  reduced 
flow.  This  is  discussed  in  detail  in  Section  6.5. 

On  the  other  side  of  winter  solstice  the  ground  array  angle  of 
60°  becomes  less  efficient  at  about  20  February  and  it  should  be 
lowered  back  to  45°  by  3 March.  The  recommended  angle  c'nanges  are 
listed  in  Table  2-1. 


Da  t e 

3 Oct 
3 Nov 
20  Feb 
3 Mar 


Fliange  To 

52° 

60° 

520 

450 
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2.1.5  Insulation  of  Raceways 


Both  arrays  are  constructed  with  steel  flashing  cover- 
ing the  space  between  the  panels.  This  flashing  protects  the  copper 
piping  that  runs  between  the  panels  and  the  supply  and  return  lines 
that  are  located  below  the  panels.  These  raceways  were  not  insulated 
when  first  constructed.  This  lack  of  insulation  allowed  great  amounts 
of  energy  to  escape  the  piping  as  it  returned  the  hot  water  to  the 
storage  tank.  Fiberglass  batts  were  installed  in  these  raceways  to 
cut  this  loss  as  much  as  practical.  Thermography  studies  before  and 
after  showed  that  this  insulation  was  extremely  effective. 

2.2  Tank  Mass 

Throughout  the  first  heating  season,  the  storage  tank  volume 
was  maintained  at  approximately  9464  liters  (2500  gallons)  of  water. 

This  mass  of  water  allowed  the  storage  tank  to  store  the  solar  energy 
for  use  overnight  to  satisfy  the  house  heating  load.  As  mentioned  in 
the  first  interim  technical  report,  this  volume  of  water  was  too  large 
for  this  particular  application,  being  outside  of  the  usual  range  of 
60  to  100  liters/sm  (1.5  to  2.5  gal/sf)  of  collector  area.  This  problem 
was  somewhat  solved  by  decreasing  the  storage  tank  volume  in  July  1976. 

In  order  to  lower  the  water  level  in  the  storage  tank,  the  heat 
exchangers  had  to  be  lowered  to  the  bottom  of  the  tank.  This  was 
done  in  order  to  allow  the  heat  exchangers  to  be  completely  submersed 
in  the  water  when  the  tank  was  filled  to  Its  final  level.  The  heat 
exchangers  were  dropped  to  within  2.5cm  (1")  of  the  bottom  of  the  tank 
and  the  water  was  refilled  to  a new  level  of  6814  liters  (1800  gallons). 
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The  immediate  effect  of  this  change  was  tlie  predicted  faster 
reaction  of  the  storage  tank  to  the  high  temperature  water  from  the 
collector  loops.  The  tank  temperature  now  could  raise  quickly  to  a 
higher,  more  usable  range.  This  in  itself  alJ.owed  more  use  of  the 
energy  collected  for  house  and  domestic  water  heating.  When  combined 
with  the  control  temperature  changes  discussed  in  the  next  section, 
this  led  to  a tremendous  increase  in  the  overall  solar  contribution 
to  the  house  loads.  A further  reduction  to  4921  liters  (1300  gallons), 
a ratio  of  90.41  liters/sm  (2.26  gallons/sf),  will  be  accomplished 
when  the  foot  valves  are  lowered  in  the  storage  tank  to  be  level  with 
the  top  of  the  heat  exchangers. 

Table  2-2  illustrates  the  effects  of  the  lowered  tank  volume 
on  the  rise  of  the  storage  tank  temperature  (AT) . The  dates  chosen 
were  before  and  after  the  volume  change.  Less  energy  was  required 
to  obtain  the  same  temperature  rises  after  the  volume  reduction. 

This  was  significant  in  that  it  took  into  account  the  ambient 
temperatures  that  existed  by  the  comparable  degree  days  (OD) . The 
temperature  rises  were,  therefore,  tlie  result  of  less  water  mass 
and  not  less  severe  conditions. 


Table  2-2 


Effects  of  Tank  Volume  Reduction 


Before 


Date 

Btu  Coll. 

DD 

29  Jan 

4 

327,388 

25 

11  Feb 

7 

417,069 

28 

13  Feb 

13 

630,018 

22 

Date 

AT 

After 
Btu  Coll. 

DD 

1 Oct 

4 

225, 592 

23 

16  Oct 

9 

392,743 

28 

22  Oct 

12 

409,333 

23 
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2 . 3 Operations 

After  the  operation  of  the  solar  energy  collection  system 
progressed  for  one  year,  the  efficiency  of  the  use  of  the  collected  ^ 

energy  was  noted  as  being  too  low.  The  first  year's  operation  saw 
the  solar  contribution  to  house  heating  demand  to  be  42%  (see  Section 
6 for  details).  This  level  of  performance  had  to  be  improved  to 

I 

illustrate  the  effect  of  various  parameters  on  overall  system  opera-  j 

tion.  As  discussed  in  the  previous  section,  the  volume  of  water  in 
the  storage  tank  was  decreased  as  a first  step.  The  other  areas 
of  changes  were  the  control  temperatures,  the  shutdown  procedure 
and  the  flow  rate. 

2.3.1  Control  Temperatures 

The  control  temperature  originally  used  for  the  selec- 
tion of  the  storage  tank  water  for  house  heating  was  set  at  40°C 
(104°F).  This  definitely  allowed  hot  air  to  be  used  in  the  solar 
house  through  the  existing  ducting  system.  However,  as  previously 
discussed,  this  also  precluded  use  of  the  storage  tank  water  until 
that  temperature  was  reached.  Many  days  were  spent  at  39°C  (103°F) 
and  no  energy  was  supplied  to  the  house  for  heating.  The  first 
attempt  at  lowering  this  temperature  occurred  in  December  1976  when 
it  was  lowered  to  34°C  (94°F).  The  occupants  were  advised  to  be 
conscious  of  any  drafts  or  discomfort.  The  use  of  the  lower  tank 
temperature  immediately  allowed  greater  usage  of  solar  energy  and 
improved  collection  efficiency  of  the  panels  by  decreasing  the  fluid 
temperature  returning  to  them.  Overall,  dramatic  changes  occurred 
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in  the  efficiency  of  the  solar  system  to  supply  energy  to  the  house 
(see  Section  6) . 

After  the  Initial  success  of  this  change,  a further  reduction 
of  the  tank  control  temperature  followed.  On  9 March  1977,  the 
temperature  was  set  at  32°C  (90°F)  and  on  5 April  1977,  it  was 
further  lowered  to  30°C  (86°F) . The  use  of  this  water  reduced 
the  air  temperature  in  the  plenum  to  27°C  (80°F).  These  changes 
were  made  without  informing  the  occupants.  The  balance  of  the  solar 
house  distribution  system  became  a problem  at  this  point  due  to  the 
sensor  for  thermostatic  control  being  located  in  the  living  room. 

The  southwest  bedroom  began  to  be  reported  at  14^C  (58°F)  when  the 
resi  of  the  house  was  at  18°  to  19°C  (65°  to  67°F).  On  18  March, 
the  desired  temperature  was  raised  from  19°C  (67°F)  to  20°C  (68°F) 
by  the  occupants.  No  discomfort  was  r-  ported  throughout  this  period 
even  though  the  occupants  were  advised  of  the  changes  at  a later 
date.  The  use  of  linear  diffusers  discussed  in  Section  2.4  may  have 
contributed  to  this  situation. 

In  March  the  lowered  tank  control  temperature  and  the  reduced 
volume  began  to  allow  storage  overnight.  During  April,  this  storage 
began  to  increase  to  over  one  day's  cloudy  period.  These  both  directly 
illustrate  the  increased  use  of  solar  energy  in  the  house  tor  heatirg 
and  the  continued  ability  of  the  storage  tank  to  cover  periods  of  no 
solar  energy  collection. 

2.3.2  Shutdown  Procedure 

During  operations  of  the  solar  system  in  the  months  of 
November  and  December  1976,  the  control  of  the  shutdown  at  the  end 
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of  the  collectior.  day  began  to  show  a lack  of  speed.  The  valve 
opening  sequence  was  to  move  In  one  step  to  half  open  and  then  use  95 
small  steps  to  full  open  if  the  solar  energy  was  of  a high  enough 
intensity  to  raise  the  collector  water  temperature  at  least  6°C  (10°F) . 
For  shutdown,  small  steps  were  used  all  the  way  from  full  open  to  full 
closed  (255  steps  total).  During  periods  of  low  insolation,  and  cold 
temperatures,  the  shutdown  at  one  step  per  eight  seconds  was  too  slow. 
Collector  fluid  would  continue  to  flow  through  the  panels  for  up  to  one 
half  hour  after  the  beginning  of  the  shutdown.  The  shutdown  procedure 
was  changed  to  three  steps  at  a time  during  closing  and  one  step  during 
opening.  This  allowed  quicker  reaction  by  the  variable  valve  to  the 
closing  commands  but  still  would  allow  gradual  opening  during  start 
up,  or  the  passage  of  Individual  clouds  across  the  area.  The  situa- 
tion of  fluid  flowing  through  the  storage  tank  heat  exchangers  and 
taking  energy  out  to  the  collectors  was  completely  eliminated. 

2.3.3  Flow  Rate 

Perhaps  one  of  the  most  significant  changes  made  to  the 
system  during  this  last  year  of  operation  was  that  of  the  flow  rate. 

The  previous  operation  of  the  system  called  for  60.6  liters/min  (16 
gpm)  at  full  open.  This  flow  rate  into  the  parallel-series  combina- 
tion of  panel  plumbing  led  to  a ratio  of  2.634  1pm/ sm  (.065  gpm/sf) 
in  the  three  collector  clusters  and  1.975  Ipm/sm  (.049  gmp/sf)  in  the 
four  collector  clusters.  This  flow  rate  was  higher  than  the  recom- 
mended 0.81  Ipm/sm  (0.02  gpm/sf)  for  water  systems.  This  high  flow 
rate  also  promoted  the  formation  of  air  bubbles  in  the  system  by 
slight  cavitation  at  the  centrifugal  pump  and  the  breaking  up  of  the 
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small  bubbles  near  the  valve.  Once  thf  air  formed,  or  leaked  into 


the  system  at  night,  the  high  flow  rate  forced  it  to  the  top  of  a 
collector  cluster,  and  the  air  blockage  problem  occurred.  As  will 
be  discussed  in  Section  5 on  thermography  and  Section  4 on  the  multi- 
plexer, the  flow  pattern  at  full  open  was  not  constant  and  equal 
throughout  the  total  system.  The  high  level  of  fri^ -ion  that  resulted 
from  this  flow  contributed  to  the  unusual  flow  patterns.  All  these 
indications  led  to  the  decision  to  slow  the  flow  to  half  open  as  a 
maximum. 

The  flow  rate  change  was  made  through  the  microprocessor  v;hich 
was  programmea  to  no  longer  command  255  as  full  open,  but  use  160. 

This  command  corresponded  to  30.3  1pm  (8  gpm)  during  the  original 
flow  calibration  at  t’’'’  start  of  the  project.  The  immediate  effect 
of  this  change  was  the  doubling  of  the  temperature  rise  from  the 
collectors.  When  a typical  day  previously  had  a 6°C  (10°F)  rise  in 
the  temperature  of  water  going  to  tiie  arrays,  the  rise  now  became 
12°C  (20°F).  At  times  during  the  first  month  of  this  half  flow 
operation  (April  1977)  the  temperature  rise  exceeded  12°C.  This  led 
to  an  investigation  of  the  actual  flow  rate  in  the  present  system  by 
using  the  annubars  already  installed  and  a diaphragm,  dynamic  pressure 
meter.  This  investigation  is  still  ongoing,  with  initial  indications 
of  less  than  30.3  1pm  being  obtained  at  the  160  command. 

Other  effects  of  the  flow  rate  change  Included  the  reduction  of 
air  blockage  in  the  ground  array.  The  ground  array  showed  a more 
normal  temperature  distribution  across  tiie  clusters  witli  no  apparent 
air  blockage.  More  details  on  this  are  included  in  the  tiiermographv 
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section.  The  roof  array  still  had  the  same  indications  of  air  block- 


age, with  the  third  cluster  being  extremely  hot  when  compared  to  the 
others.  The  half  flow  position  of  the  valve  caused  a larger  pressure 
drop  across  the  valve  of  up  to  10,000  Pa  (15  psi) . And  finally, 
sending  the  higher  temperature  water  back  to  the  collector  decreased 
the  efficiency  of  the  collectors  themselves.  This  sacrifice  was 
well  worthwhile,  as  a higher  temperature  was  obtained  in  the  storage 
tank  and  longer  utilization  was  possible  for  house  heating.  Conse- 
quently, the  panel  collector's  efficiency  was  sacrificed  for  house 
heating  efficiency,  the  main  application  of  the  solar  energy  system. 

2 . 4 Linear  Diffusers 

As  the  tank  control  temperature  was  lowered  the  comfort  of  the 
occupants  became  a primary  concern.  The  air  that  was  eventually  to 
blow  on  them  was  about  27°C  (80°F) . This  air  when  circulated  at 
0.71  cms  (1500  cfir)  would  definitely  feel  cool  when  coming  out  of 
a typical  base  housing  floor  grill.  This  problem  was  solved  by 
installing  linear  diffusers  with  a damper.  The  linear  diffuser  mixes 
the  air  coming  out  of  the  duct  with  the  room  air  and  diffuses  the 
stream  so  that  it  does  not  blow  at  high  velocity  for  a great  distance. 
The  dampers  allow  the  system  as  a whole  to  be  balanced,  with  some 
rooms  receiving  full  air  flow  and  others  less.  The  reported  comfort 
of  the  occupants  with  air  as  low  as  27°C  (80°F)  being  used  for  house 
heating  was  evidence  of  the  effectiveness  of  these  linear  diffusers. 
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CHAPTER  3 

ENERGY  CONSERVATION  TECHNIQUES 
3 • 1 Introduction 

The  USAFA  Solar  Test  House  project  involved  the  adaptation  of 
solar  energy  systems  to  a typical  domestic  dwelling.  At  first  this 
retrofit  application  did  not  concern  the  house  itself  with  respect 
to  the  energy  consumption  of  this  type  quarters.  However,  during 
the  second  summer  of  operation,  the  structure's  heat  load  was 
examined  for  possible  retrofit  improvements.  These  included 
increasing  the  insulation  in  the  walls,  celling  and  floor;  the 
improvement  of  the  insulation  on  the  window  panels;  the  use  of 
vestibules  for  the  two  doors;  and  the  installation  of  triple  glazing 
on  the  windows. 

3.2  _U r ea  Foam  and  Ceiling  Insulation 

Urea  foam  was  used  as  an  insulation  material  in  the  walls. 

This  material  was  Injected  into  the  cavities  that  exist  In  standard 

wood  frame  construction  to  increase  the  thermal  resistance  of  the 

f t^-hr-°F 

walls.  The  high  R value  of  uri  a foam,  which  is  4.2 — 

inch,  make  this  material  very  applicable  to  energy  conservation.  It 
does  not  settle  when  installed,  it  is  not  affected  by  moisture,  and 
its  R value  exceeds  that  of  looser  fill. 

Table  3-1  shows  the  R values  of  the  wall  construe t ion  before 
and  after  use  of  urea  foam.  The  resultant  reduction  of  transmission 
of  heat  through  the  walls  due  to  its  use  was  anticipated  at  47%  or 
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Table  3-1, 


Urea  Foam  Effects  on  R Value  of  Wall 


R value  from  original  wall: 


Surface 

0, 

,68 

1/2"  gyp  board 

0. 

,45 

1 1/2"  insulation 

5. 

.00 

2"  air  space 

0, 

,95 

3/8"  plywood 

0, 

,47 

Waterproof  paper 

0. 

,06 

3/16"  T.H.B. 

0. 

,45 

Surface 

lIZ 

8. 

,23 

= 0.122) 


R value  with  addition  of  urea  foam: 


2"  air  space 
2"  urea  foam 


-0.95 

+8.40 


15.84  (U  = 0.064) 


1.45  MJ/hr  (1378  Btu/hr) . The  actual  effect  of  this  modification, 
together  with  all  the  others  to  be  covered  in  this  section  are 
listed  in  Appendix  A. 

The  installation  of  the  urea  foam  was  accomplished  very  easily. 
The  contractor  drilled  holes  into  the  exterior  of  the  wooden  walls 
of  tlie  house  and  inserted  tlie  foam  with  water  under  pressure.  The 
brick  veneer  walls  were  filled  from  above  the  walls  by  gaining  access 
througli  the  roof  truss.  Again,  water  was  used  to  inject  the  foam. 

The  entire  operation  was  quality  checked  by  tliermographic  studies 
and  only  one  small  area  under  a window  nad  to  be  redone  due  to  poor 
fill.  Tlie  plugs  that  liad  been  drilled  out  were  replaced,  sanded 
and  repainted. 

The  urea  foam  did  not  have  any  noticeable  effect  on  the  wall 
integrity  or  paint  after  installation.  There  were  no  noticeable 
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spots  of  peeling  or  buckling  either  on  the  i-xLsrior  or  interior 


surfaces.  Original  concern  as  to  the  effect  of  the  great  amount 
of  water  necessary  for  insertion  and  its  action  on  the  wall  material 
appeared  to  be  unfounded. 

Urea  foam  was  considered  for  use  in  the  roof  structure  as 

well.  However,  the  high  cost  of  the  foam  and  its  weight  when  used 

horizontally  led  to  the  selection  of  ]oose  fill  for  this  area.  Loose 
fill  was  blowji  into  the  roof  joists  to  a depth  of  15.24  cm  (6")  with 
a U value  of  0.29  and  with  anticipated  savings  of  3.0  MJ/hr  (2840 
Btu/hr).  The  total  cost  of  the  insertion  of  the  urea  foam  and  the 
adding  of  loose  fill  to  the  roof  was  $1125.00. 

3.3  Other  Insulation  Changes 

The  first  thermography  studies  performed  on  the  USAFA  housing 

showed  chat  tiie  two  moveable  panels  under  some  of  t!ie  windows  were 

extremely  Inefficient  at  slowing  losses.  These  panels  consisted  of 
one  sheet  of  0.635  cm  (1/4")  plywood  with  a resulting  U value  of 
0.86.  These  panels  were  replaced  on  all  houses  on  base  with  modular 
sa" Wich  panels  made  of  one  sheet  of  0.953  cm  (3/8")  styrene  placed 
between  two  0.635  cm  (1/4")  plywood  panels.  This  construction  lowered 
the  i;  value  to  0.30.  This  modification  would  result  in  an  energy 
saving  of  2.0  Ml/hr  (1935  Btu/hr).  The  most  neglected  area  for 
insulation  in  typical  domestic  dwellings  is  usually  the  floor.  The 
crawl  space  beneath  the  houses  at  the  USAFA  was  not  insulated  when 
originally  ct-nstructed . To  cut  down  on  the  energy  losses  through 
the  floors  all  tiie  houses  were  retrofitted  with  7.62  cm  (3")  of 
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fiberglass  batts  between  the  floor  joists.  These  batts  with  an  R 
value  of  11  decreased  the  U value  of  the  floor  from  0.310  to  0.0704. 

This  reduction  in  U value  would  be  applied  throughout  the  structure 
in  the  rooms  over  the  crawl  space  resulting  in  a new  heat  loss  of 

1.4  MJ/hr  (1284  Btu/hr)  through  the  44.6  sm  (480  sf)  of  floors. 

3.4  Overall  Reduction  of  Heat  Load 
The  overall  reduction  of  heat  load  in  the  house  due  to  the 

use  of  the  urea  foam,  roof  insulation,  crawl  space  insulation  and 
sandwich  panels  is  calculated  in  Appendix  A.  The  new  calculated 
heat  load  was  38.4  MJ/hr  (36,378  Btu/hr),  a reduction  of  28%.  The 
actual  heat  load  reduction  in  the  structure  is  discussed  in  the 
yearly  data  analysis  (Section  6.3)  and  was  approximately  27%  in  ^ 

K 

March  1977. 

3.5  Vestibules 

Vestibules  are  air  lock-type  structures  that  can  be  built 
around  a door  to  decrease  the  air  flow  through  it  during  use.  These  I 

small  chambers  allow  entrance  to  the  structure  while  not  allowing 
direct  exposure  of  the  inside  to  the  outside  ambient  air.  The  use 
of  vestibules  was  considered  on  the  Solar  Test  House  to  decrease 
the  air  infiltration  load.  This  was  especially  important  considering 
the  many  tours  and  visitors  that  frequent  the  structure.  Two  vesti- 
bules (Fig.  3-1)  were  built  over  the  doors.  The  vestibule  door  was 
designed  to  swing  out  so  that  it  was  very  difficult  to  have  both  it 
and  the  main  house  door  open  simultaneously.  This  construction  was 
accomplished  during  March  1977  and  its  exact  effect  has  yet  to  be 
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deLermined.  The  use  of  the  eastern  vestibule  as  a greenhouse  has 


been  considered  by  the  occupants. 

■ 3 . b Triple  Glazing  Windows 

The  final  energy  conservation  technique  considered  was  that  of 
triple  glazing  the  windows.  The  windows  presently  installed  consist 
of  one  pane  of  glass  and  a storm  window.  This  system  is  typical  for 
the  Colorado  area.  However,  the  infiltration  of  cold  air  through 
these  windows'  is  noticeable  during  high  wind  conditions.  The  inter- 
ior surface  of  the  windows  was  also  known  to  have  ice  form  on  it 
during  very  cold  weather.  To  slow  down  the  infiltration  of  cold 
air,  and  to  better  insulate  the  house,  triple  glazing  will  be 
employed . 

The  method  of  applying  the  third  glass  layer  will  be  that  of 
an  interior  storm  window.  This  window  will  fit  into  the  existing 
frame  and  be  tightly  fitted  with  a rubber  gasket.  This  construction 
will  greatly  slow  any  air  infiltrating  around  the  glass.  In  using 
tliese  windows  on  the  southern  two  bedroom  windows,  another  energy 
gaining  technique  will  be  activated.  Due  to  the  "greenhouse  effect" 
and  the  better  insulating  value  of  triple  glazing,  a heat  gain  will 
be  realized  from  the  solar  rays  striking  those  windows  during  the 
winter  days.  Thus,  the  passive  aspects  of  solar  energy  can  he 
utilized  to  decrease  the  heat  load  during  the  days  when  that  load 
tends  to  be  a maximum.  These  windows  will  be  installed  during  the 
summer  of  1‘177  and  tlie  effect  observed  thereafter. 
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INSTRUMENTATION  AND  CONTROL  SYSTEM 

4 . 1 Background  Information 

The  design,  installation  and  debugging  of  the  instrumentation 
and  control  system  for  the  USAF  Academy  Solar  Test  House  is  described 
in  the  first  interim  technical  report.  This  section  of  the  report 
will  describe  the  changes  to  this  system.  A block  diagram  of  the 
instrumentation  as  of  the  publishing  of  this  report  appears  in  Fig. 
4-1. 

As  with  any  continuing  research  project,  problem  areas  arise 
and  unforeseen  changes  occur  during  the  course  of  the  work.  Three 
major  additions  were  made  to  the  instrumentation  and  control  system 
since  the  writing  of  the  last  report:  (1)  Burroughs  6700  computer 

conversion,  (2)  meteorological  monitoring  equipment,  and  (1)  ground 
array  multiplexer. 

4.2  B u r r o 1 1 ghs  6700  Computer  C onversi on 

As  reported  in  the  first  report,  data  was  gathered  and  punched 
on  a paper  tape  at  the  solar  house  for  later  analysis  on  a Xerox 
.Sigma-V  computer  in  the  electrical  engineering  lab  at  tlie  USAF 
Academy.  In  the  fall  of  1976,  this  computer  was  declared  surplus 
and  subsequently  removed.  Since  this  was  the  only  source  of  a high 
speed  paper  tape  reader  and  the  only  other  computer  available  for 
data  analysis  was  tlie  Burroughs  6700  computer,  an  entirely  new  scheme 
was  conceived  and  developed  for  data  storage  and  analysis. 
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Figure  A-1.  Instrumentation  and  Control  System 
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The  first  task  associated  with  this  conversion  was  to  design 
and  build  the  temporary  data  storage  system  at  the  Solar  Test  House 
which  would  be  compatible  with  entering  data  to  the  Burroughs  6700 
computer  located  approximately  2.5  miles  from  the  solar  test  site. 

The  system  chosen  replaced  the  punched  paper  tape  with  an 
audio  cassette  recorder  whereby  the  data  was  stored  using  a frequency 
shift  keying  (FSK)  scheme.  This  data  is  transferred  to  tape  once  an 
hour  until  full,  approximately  three  days,  then  transmitted  through 
a modem  via  commercial  telephone  lines  to  the  Burroughs  6700  computer 
where  it  is  temporarily  stored  in  disk  memory.  The  block  diagram 
for  this  system  showing  the  data  flow  appears  in  Fig.  4-2.  Fig.  4-3 
is  a circuit  diagram  of  the  interface  circuitry  between  the  cassette 
recorder  and  the  Intellec/8  microprocessor  at  the  Solar  Test  House. 
Since  the  two  computers  have  to  talk  on  a real  time  basis  and  main- 
tain control  of  the  house  simultaneously,  a major  revision  to  the 
control  program  was  required.  Fig.  4-4  shows  a flow  chart  of  this 
program  change.  Since  there  are  at  least  37.500  bytes  of  data  on  a 
three-day  cassette,  a minimum  transmission  time  of  21  minutes  is 
required  at  300  bits/sec.  As  shown  in  the  flow  chart,  the  program 
maintains  control  of  all  house  functions  while  conversing  with 
the  B6700  computer. 

In  addition  to  changes  at  the  Solar  Test  House,  the  analysis 
programs  were  completely  rewritten  for  use  on  the  Burroughs  system. 
This  set  of  programs  and  their  interrelationships  are  shown  in  Fig. 
4-5.  Since  these  are  special  purpose  programs,  written  specifically 
for  the  Burrouglis  6700  system,  a listing  is  not  provided  in  this 
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Figure  4-5.  B6700  Computer  Programs 


report.  The  equations  and  analysis  algorithms  used  previously  and 
reported  in  the  first  interim  technical  report  remain  unchanged. 


4 . 3 Meteorological  Monitoring  Equipment 

The  weather  instrumentation  described  in  the  first  interim 
technical  report  proved  unsatisfactory  due  to  interface  problems 
with  the  microprocessor  at  the  Solar  Test  House.  Consequently,  a 
completely  new  set  of  instrumentation  was  procured  and  installed. 

In  addition  to  the  wind  direction  and  velocity,  dew  point  and 
temperature  sensors  of  the  previous  system,  a barometer  was  also 
obtained.  This  set  of  instrumentation  is  manufactured  by  the 
Weather-Measure  Corporation  and  is  directly  compatible  with  the 
O-IOV  DC  analog  input  required  of  the  microprocessor  system.  Figures 
4-6  and  4-7  show  this  instrumentation  installed. 

4 . 4 ^i-j^unfl  Array  Multiplexer 

Thre,  temperature  sensors  were  originally  installed  on  the 
ground  array,  two  on  array  surfaces  and  one  on  a glass  outer-panel 
surface.  To  obtain  a correlation  between  the  array  surface  tempera- 
ture and  the  thermography  photos,  twelve  more  sensors  were  installed 
(Fig.  4-8)  and  interfaced  to  the  microprocessor  by  a signal  multi- 
plexer. The  circuitry  for  this  multiplexer  is  the  same  as  that  used 
in  the  Control  House  as  described  in  the  first  interim  technical 
report.  A program  was  written  for  the  microprocessor  to  sense  the 
fourteen  temperature  sensors  and  give  a printout  of  their  values  on 
command.  Fig.  4-9  shows  the  multiplexer  circuitry  installed  in  the 
ground  array. 

Jl 
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CHAPTER  5 


THERMOGRAPHY  STUDIES 

5 . 1 Introduction 

The  flow  patterns  throughout  the  solar  arrays  have  always  been 
of  great  Interest  to  the  research  team.  The  equalization  of  flow 
through  the  various  combinations  of  panels  in  clusters  of  threes 
and  fours  would  allow  the  determination  of  the  marginal  effects  of 
the  last  panel  of  each  group.  Originally,  sensors  were  not  installed 
on  all  of  the  panels  to  allow  measurements  of  the  temperatures,  and 
only  the  addition  of  sensors  and  the  multiplexer  on  the  ground  array 
finally  allowed  this  measurement  to  be  made.  However,  the  use  of  a 
iiew  technique  for  qualitative  determination  of  flow  distribution 
from  temperature  distribution  was  considered  through  thermography. 

This  section  covers  a general  description  of  thermographic  charac- 
teristics and  the  results  obtained  through  correlation  with  the 
ground  array  multiplexed  sensor  readings. 

5 . 2 Description 

Thermography  is  a heat  detecting  technique  which  measures 
infrared  radiation  across  the  surface  of  a material.  The  temperature 
distribution  is  shown  on  a cathode-ray  tube  and  then  photographed 
to  produce  thermographs.  The  system  works  due  to  the  electromagnetic 
radiation  which  all  materials  emit  as  a function  of  their  temperature. 
The  range  of  this  radiation  as  detected  by  the  thermographic  equip- 
ment is  2.0  to  5.6  microns. 
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Several  problem  areas  must  be  carefully  considered  when  using 
thermography.  Wind  can  affect  the  readings  shown  on  the  thermographs, 
thus  a maximum  wind  velocity  of  6.7  mps  (1!>  mph)  is  recommended. 

Glass  reflects  radiation  as  well  as  emits  it.  If  glare  from  the 
glass  is  present,  inaccurate  readings  of  radiation  can  be  obtained. 

The  glass  surface  of  the  collector  was  not  the  surface  of  interest 
but  the  absorber  surface  below  was.  Caution  had  to  be  used  to  realize 
that  the  readings  were  from  the  glass  itself,  aid  may  not  exactly 
indicate  the  temperature  below.  Since  qualitatii’e  analysis  was  the 
aim  of  these  studies,  this  discrepancy  was  taken  into  account. 

Finally,  since  the  radiation  was  from  the  glass,  correlation 
was  necessary  to  interpret  accurately  Che  thermograph  readings.  The 
multiplexer  on  the  ground  array  permitted  this  correlation  by  trans- 
mitting to  the  microprocessor  the  temperature  readings  on  all  14 
panels  when  each  thermograph  was  taken. 

Tlie  thermographs  are  shown  in  Figures  5-la  to  5-1 f.  The  inter- 
pretation of  these  pictures  is  '•elative  in  nature.  The  number  at 
the  top  designates  the  maximum  range  of  the  temperature  scale  at 
the  left  of  each  picture.  For  example,  50  represents  50*^0  (90°F) 
and  shows  that  the  range  of  0.0  to  1-0  represents  a relative  differ- 
ence in  temperature  of  that  amount.  This  allows  comparison  of  the 
temperature  differences  of  various  points  on  ttie  thermograph.  If 
any  temperature  is  known  on  one  of  the  surfaces,  then  the  others 
can  be  calculated  from  it.  The  pictures  can  be  taken  in  color 
or  black  and  white.  The  colored  ones,  Fie.  5-1.  show  more  clearly 
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the  various  areas  of  changing  temperature  and  proved  very  valuable 
In  correlating  the  thermographs  to  the  actual  measured  temperatures. 

5 . 3 Results  of  Studies 

The  ground  array  was  studied  first  to  determine  If  the  quali- 
tative correlation  of  thermographs  to  sensors  could  be  made  (Fig. 

5-2).  Fig.  5-la  shows  one  of  the  first  pictures  taken  and  Table  5-1 
the  multiplexed  temperature  readings  which  were  simultaneously  taken. 
These  two,  when  combined  together,  revealed  some  startling  data. 

Table  5-1 

Temperatures  of  Ground  Array  (°F) 

Panel  Position 

1 2 3 4 5 6 7 8 9 10  11  12  13  14 

136  136  142  149  158  165  180  255  255  255  255  139  139  138 

Sensor  Reading 

Initially,  there  appeared  to  be  a large  air  blockage  In  cluster  three, 
the  second  group  of  four  panels  In  series.  This  air  blockage  had 
stopped  the  flow  of  fluid  through  the  entire  cluster  and  allowed  the 
temperature  to  rise  well  above  the  neighboring  panels.  The  thermo- 
graph indicated  a temperature  difference  of  at  least  50°C  (90°F)  and  the 
sensor  readings  indicated  a difference  of  at  least  75°F.  The  reading 
of  255*^F  was  the  highest  the  microprocessor  could  indicate.  The 
correlation  of  the  thermograph  and  the  sensors,  therefore,  was 
limited  to  qualitative  In  that  a picture  showing  hotter  panels 
actually  does  reflect  that  condition  on  the  surfaces. 


The  second  indication  noted  from  the  data  and  pictures  was  the 
apparent  reversed  flow  in  the  last  cluster.  The  temperature  readings 
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showeci  no  risu  in  temperature  left  to  right  as  would  be  expected  with 
the  flow  from  the  supply  line  to  the  return.  The  thermograph  also 
showed  relatively  little  temperature  rise  in  this  last  group.  It 
seemed  that  the  blocked  third  cluster  was  forcing  a high  flow  (if 
fluid  into  the  fourth  cluster.  Also,  the  discharge  from  the 
second  cluster  was  possibly  being  forced  up  the  return  line  to 
the  fourth  cluster,  backwards  through  this  cluster  at  high  velocity 
and  then  back  down  the  supply  line.  This  pattern  would  explain  the 
lack  of  high  temperature  and  the  absence  of  a temperature  rise  in 
the  fourth  cluster.  This  set  of  circumstances  led  directly  to  the 
decision  to  cut  the  flow  in  half  to  the  collector  arrays.  Subsequent 
thermography  studies  and  temperature  readings  showed  that  a normal 
flow  pattern  and  temperature  distribution  resulted  from  this  change, 
especially  on  the  ground  array.  Thus,  the  studies  allowed  tlte  effects 
of  flow  rate  Llironghout  a cluster  of  panels  and  the  wliole  array  to  be 
observed.  This  eventually  could  lead  to  a balancing  technique  to 
reacli  higher  efficiencies. 

Figures  5-lc&d  illustrate  the  close-up  view  of  the  clogged 
panels.  Using  a smaller  temperature  range  for  the  scaling  factor, 
it  was  possible  to  observe  the  apparent  temperature  distribution 
across  the  individual  panels.  The  first  panel  seemed  to  have  some 
cooler  fluid  being  forced  into  it  from  the  supply  line  inlet  at  the 
lower  left  corner.  The  air  blockage  was  sufficiently  great  to  stop 
tills  flow  from  progres.sing  to  the  top  of  the  panel.  The  .second  and 
third  panels  are  completely  blocked.  The  fourth  one  has  some  flow 
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entering  from  the  return  line  at  the  upper  right-hand  corner  making  it 
the  coolest  panel.  This  flow  results  from  the  high  pressure  existing 
in  the  fourth  cluster  forcing  fluid  into  the  panel.  Clearly,  a 
picture  such  as  this  would  indicate  to  a viewer  that  si  mething  was 
wrong  with  the  cluster  and  remedial  action  should  be  taken. 

Figures  5-le&f  show  the  thermograph  taken  of  the  roof  array. 

This  array  did  not  have  sensors  installed  on  all  panels,  only  the 
second  and  thirteenth.  The  picture  showed  a slightly  different 
pattern  within  the  third  cluster  but  basically  the  same  problem. 

An  apparent  air  blockage  had  stopped  flow  in  this  cluster.  Quali- 
tative con  elation  was  only  possible  by  the  investigators  climbing 
the  roof  and  touching  the  glass  surfaces.  The  ones  indicating  hot 
were  considerably  hotter  than  the  ones  indicating  normal  patterns. 

It  was  concluded  that  the  air  blockage  problem  was  also  present  in 
the  roof  array.  This  problem  did  not  decrease  with  the  change  of 
flow  rate  as  did  some  of  the  problems  in  the  ground  array.  The  roof 
array  lias  the  added  problem  of  being  the  highest  point  in  its  flow 
system  while  che  air  vent  valve  was  located  5.5m  (18  ft)  below  in 
the  basement.  Air  naturally  would  be  forced  to  the  highest  point, 
and  seemed  to  gather  in  that  cluster. 

The  final  results  of  this  study  are  the  following.  A thermo- 
graph can  be  used  to  spot  problems  in  arrays  and  flow  patterns  if 
care  is  taken  for  wind  velocity  and  reflected  glare.  The  thermographs 
qualitatively  Indicate  accurately  the  temperature  distribution  across 
tlie  panels.  Adjustments  could  be  made  while  visually  watching  the 
effects  of  tlie  balancing  attempts.  The  effect  of  various  flow  rates 
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on  even  flow  distribution  could  be  determined  by  observing  thermo- 


graphic results  rather  than  installing  numarous  sensors  and  multi- 
plexers to  gather  the  data.  Maintenance  could  be  performed  by 
responding  to  certain  sets  of  thermographic  data  both  for  prevention 
of  problems  and  increased  efficiency  of  operation. 

The  first  thermographs  also  showed  that  the  plumbing  raceways 
were  very  large  sources  of  energy  losses.  The  lack  of  insulation  in 
these  areas  caused  much  heat  to  be  given  off  through  the  steel  flash- 
ing located  above  the  plumbing  lines.  The  subsequent  insulation  of  the 
raceways  led  to  decreased  temperatures  indicated  on  the  next  series 
of  thermographs  and  a cutting  of  the  edge  heat  losses  from  the  col- 
lector arrays.  The  same  iadication.s-  also  led  to  the  flexible  tubing 
into  and  out  of  the  ground  array  being  covered  with  Armaflex  to 
better  insulate  those  areas.  Subsequent  thermographs  also  showed 
that  the  reduced  flow  rate  did  solve  the  air  blockage  problem  on 
the  ground  array  by  apparently  allowing  tlie  air  to  flow  out  of  the 
system  through  the  bleed  air  line.  The  t hermograpii  still  showed 
the  roof  array  third  clustei  as  blocked  even  with  one-half  flow. 
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CHAPTER  6 


DATA  ANALYSIS 

6 • 1 Intr  o d u c tj 

This  section  of  the  report  covers  the  analysis  of  specific 
data  gathered  during  the  reporting  perird.  The  daily  analysis 
section  addresses  actual  performance  oa  19  March  1977.  The  month 
used  in  the  monthly  analysis  section  is  February  1977.  Yearly 
performance  discusses  all  the  data  to  date  with  emphasis  on  improve- 
ments as  the  project  progressed.  Other  areas  of  interest  are  also 
covered  to  include  the  performance  of  the  arrays  and  the  consumption 
of  natural  gas  and  electricity. 

6.2  Daily  Perfotmance 

The  first  interim  technical  report  covered  extensively  the 
programmed  control  of  the  solar  energy  systems.  The  actions  of  the 
microprocessor  were  discussed  and  the  various  control  p'^ints  and 
temperatures  listed.  This  section  will  analyze  in  detail  one  day's 
operation  of  the  solar  energy  systems  in  the  house  to  show  actual 
performance  and  the  effects  of  the  various  parameters. 

data  analysis  for  19  March  1977  is  shown  in  Fig.  6-1  for 
English  units  and  Fig.  6-2  for  SI  units.  These  figures  are  the 
results  of  the  computer  program  that  takes  the  hard  data  from  the 
microprocessor  collection  system  and  analyzes  it  using  the  common 
relationships  listed  in  the  first  interim  technical  report.  The 
data  analysi.s  is  then  listed  in  the  format  shown  for  the  researchers 
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SOLAR  TEST  HOUSE 
DATA  ANALYSIS  PROGRAM 


HC  BTU  = 116715.  (375-615) 

Gas  BTU  = 14804.  (9  at  635) 

Gas  BTU  = 29607.  (9  at  710) 

Gas  BTU  = 44411.  (9  at  750) 

Tank  Water  Temp  at  Begin  of  RA  Operation  = 87  at  839 

Tank  Water  Temp  at  Begin  of  GA  Operation  = 87  at  841 

Gas  BTU  = 59215.  (9  at  842) 

Tank  Water  Temp  at  End  of  RA  Operation  = 87  at  845 
RA  BTU  = 235.  (6  at  845) 

Tank  Water  Temp  at  End  of  GA  Operation  = 87  at  847 
GA  BTU  = -613.  (6  at  847) 

Tank  Water  Temp  at  Begin  of  RA  Operation  = 87  at  852 

Tank  Water  Temp  at  Begin  of  GA  Operation  = 87  at  855 

Tank  Water  Temp  at  End  of  RA  Operation  = 87  at  857 
RA  BTU  = 653.  (5  at  857) 

Tank  Water  Temp  at  Begin  of  RA  Operation  = 87  at  858 
Tank  Water  Temp  at  End  of  GA  Operation  = 87  at  903 

GA  BTU  = 1709.  (8  at  903)  | 

Tank  Water  Temp  at  Begin  of  GA  Operation  = 87  at  907  I 

Gas  BTU  = 74018.  (9  at  958)  j 

HC  BTU  = 133757.  (43-1300)  ' 

HC  BTU  = 148619.  (30-1542)  | 

Tank  Water  Temp  at  End  of  GA  Operation  = 106  at  1603  | 

GA  BTU  = 282902.  (416  at  1603)  ‘ 

Tank  Water  Temp  at  End  of  R/\  Operation  = 106  at  1616 
RA  BTU  = 300102.  (438  at  1616) 

Sun  BTU/SF  Horiz  = 1714.  (705-1800) 

Sun  BTU/SF  GA  = 2136. 

Sun  BTU/SF  R^\  = 2219. 

HC  BTU  = 163877.  (33-1814) 

HC  BTU  = 181216.  (35-2040) 

HC  BTU  = 230260.  (111-2345) 


Summary  of  Day  78 
(0  to  2345) 


House  BTU's: 

Gas  + Solar  = 304279. 

Solar  = 230260 

%Solar  = 75.7 

Ground  BTU's: 

Available 

= 473203. 

Collected  = 282902. 

% Eff 

= 59.8 

Roof  BTU's: 

Ava  liable 

= 491593. 

Collected  = 300102. 

% Eff 

= 61.0 

Figure  6-1.  Data  Analysis  (English  Units) 
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SOLAR  TEST  HOUSE 
DATA  AJULYSIS  PROGRAM 


HC  MJ  = 123.14  (375-615) 

Gas  MJ  = 15.62  (9  at  635) 

Gas  MJ  = 31.24  (9  at  710) 

Gas  MJ  = 46.86  (9  at  750) 

Tank  Water  Temp  at  Begin  of  RA  Operation  = 31  at  839 

Tank  Water  Temp  at  Begin  of  GA  Operation  = 31  at  841 

Gas  MJ  = 62. 4P  (9  at  842) 

Tank  Water  Temp  at  End  of  RA  Operation  = 31  at  845 
RA  MJ  = 0.  (6  at  845) 

Tank  Water  Temp  at  End  of  GA  Operation  = 31  at  847 
GA  MJ  = -0.65  (6  at  847) 

Tank  Water  Temp  at  Begin  of  RA  Operation  = 31  at  852 

Tank  Water  Temp  at  Begin  of  GA  Operation  = 31  at  855 

Tank  Water  Temp  at  End  of  RA  Operation  = 31  at  857 
RA  MJ  = 1.  (5  at  857) 

Tank  Water  Temp  at  Begin  of  RA  Operation  = 31  at  858 
Tank  Water  Temp  at  End  of  GA  Operation  = 31  at  903 
GA  MJ  = 1.80  (8  at  903) 

Tank  Water  Temp  at  Begin  of  GA  Operation  = 31  at  907 
Gas  MI  = 78.09  (9  at  953) 

HC  MJ  = 141.12  (43-1300) 

HC  MJ  = 156.80  (30-1542) 

Tank  Water  Temp  at  End  of  GA  Operation  = 41  at  1603 
GA  MJ  = 298.48  (416  at  1603) 

Tank  Water  Temp  at  End  of  RA  Operation  = 41  at  1616 
RA  MJ  = 317.  (438  at  1616) 

Sun  MJ/SM  Horiz  = 19.47  (705-1800) 

Sun  lU/SM  GA  = 24.26 
Sun  MJ/SM  Rj\  = 25.20 
HC  MI  = 172.90  (33-1814) 

HC  MJ  = 191.19  (35-2040) 

HC  MJ  = 242.94  (111-2345) 


Summary  of  Day  78 
(0  to  2345) 

House  Mi's;  Gas  + Solar  = 321.03  Solar  = 242.94  %Solar  = 75.7 
Ground  M.l's:  Available  = 499.26  '’ollected  = 298.48  %Eff  = 59.8 
Roof  MJ's:  Available  = 518.66  Collected  = 316.63  %Eff  = 61.0 


Figure  6-2.  Data  Analysis  (SI  Units) 
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to  further  utilize  for  modifications  of  the  operations  or  further 
analysis  of  specific  moments  during  the  day.  If  the  data  analysis 
appeared  very  Interesting  or  unusual,  a plotting  procedure  could  be 
used  on  the  computer  to  produce  plots  such  as  figures  6-3,  6-4  and 
6-5.  For  this  discussion,  both  the  listed  results  and  the  plots  are 
referenced . 

The  early  morning  hours  of  this  day  were  characterized  by  a 
need  for  heat  in  the  house.  With  the  storage  tank  at  34°C  (94*^F), 
the  microprocessor  selected  solar  energy  as  the  source  of  the  house 
heating  energy.  This  would  have  continued  for  as  long  as  the  storage 
tank  remained  above  32°C  (90°F) . However,  the  control  algorithm  for 
selection  of  the  source  of  house  heating  energy  allowed  the  storage 
tank  to  drop  to  31*’^C  (87°F)  before  switching  to  the  natural  gas 
furnace.  This  was  due  to  the  air  being  heated  by  the  .storage  tank 
water  to  a liigh  enough  temperature  to  maintain  tlie  house  at  18.8°C 
(66°F),  one  degree  Falirenheit  below  the  setting  of  19.4°C  (67°F) . 

.4t  0551,  the  house  temperature  finally  reached  18.3“C  (65°F),  and  the 
microprocessor  turned  on  the  natural  gas  furnace. 

As  shown  in  Fig.  6-3,  the  actual  temperature  in  the  house  was 
very  constant  during  the  time  that  solar  energy  was  used  to  supply 
the  heat.  When  the  natural  gas  furnace  was  used,  the  temperature 
became  erratically  controlled.  The  furnace  overshot  the  desired 
temperature  by  as  much  as  l.l”c  (2°F)  whenever  it  was  used.  This 
quick  response  to  a level  higher  than  the  desired  temperature  was 
due  to  the  over-design  built  into  the  furnace  wlien  originally 
installed.  The  larger  than  necessary  capacity  of  the  furnace  and 
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Figure  6-3 


House  HeatlnK  Demand  Plot 
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orage  jTank 


Figure  6-5 
Ground  Array  Plot 


the  long  lead  time  to  start  and  stop  it  results  in  erratic  tempera- 
ture control.  When  solar  energy  was  used,  the  temperature  control 
was  such  that  the  desired  temperature  setting  was  met  very  evenly. 

This  resulted  in  the  fan  blowing  solar  heated  air  for  375  minutes 

and  supplying  123.14  MJ  (116,717  Btu)  of  energy  while  the  furnace 

ran  a total  of  45  minutes  and  supplied  78.09  MJ  (74,018  Btu)  during 
the  morning. 

During  the  afternoon  and  night,  the  microprocessor  commanded 
tlie  use  of  the  storage  tank  again.  Due  to  the  collection  of  solar 
energy  until  1215  the  tank  was  hot  enough,  37°C  (98^’f)  to  supply  the 
necessary  heating.  The  storage  tank  remained  at  a high  enough 
temperature  the  rest  of  the  day  to  finally  supply  a total  of  242.94  MJ 
(230,260  Btu)  to  the  house  for  heating  (75.7%  of  required  load). 

The  roof  and  ground  arrays  were  both  idle  until  about  0830. 

Prior  to  this  the  roof  array  did  show  a AT  across  the  inlet  and 

outlet  pipes  (Fig.  6-4).  This  was  due  to  thermo-siphoning  of  the 
heat  in  the  storage  tank  through  the  roof  array  heat  exchangers  up 
to  the  highest  point  in  the  system.  The  path  from  the  lieat  exchangers 
in  the  tank  to  the  outlet  side  of  the  roof  array  was  direct,  with 
the  valve  in  tliat  system  being  on  the  inlet  side.  Consequently, 
the  hot  water  rises  to  the  roof  array.  However,  with  no  pumping 
being  done,  the  loss  was  kept  to  a minimum.  A check  valve  in  this 
loop  would  stop  this  small  flow. 

At  0839  the  roof  array  (Ri\)  first  attempted  to  collect  solar 
energy.  At  tliis  time,  the  surface  temperature  on  the  roof  was  42^’c 
(lOB^F)  and  the  storage  tank  was  31°C  (87°F) . The  microprocessor 
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directed  the  RA  valve  to  half  open  and  turned  on  tlie  pump.  For  six 
minutes  the  pump  ran,  and  finally  stopped  at  0845.  The  results  were 
a small  gain  of  energy  of  less  than  one  MJ  (235  Btu).  The  energy 
collected  was  at  such  a low  temperature,  with  an  outlet  temper  iture 
of  24^C  (75°F)  that  the  results  would  have  been  an  eventual  lowering 
of  the  storage  tank  temperature  if  the  system  had  continued  to  operate. 
The  temperature  difference  was  only  six  degrees  Fahrenheit  between 
inlet  and  outlet  to  the  RA. 

The  ground  array  (GA)  also  attempted  to  function  during  this 
time,  starting  to  pump  fluid  through  the  collectors  at  0841.  The 
slight  difference  between  the  two  starting  time.s  was  due  to  the 
temperature  of  the  GA  reaching  42°C  (10H°F)  a few  moments  later. 

During  this  time  >f  the  year  52°  was  a better  collector  angle  than 
60°  and  this  slight  difference  had  an  effect  in  the  starl-up 
procedure . 

Two  more  similar  attempts  to  start  the  arrays  occurred  siiortly 
after  tlie  first.  The  surface  of  the  panels  remained  liigher  than 
11°C  (20°F)  above  the  storage  tank,  and  the  microprocessor  continued 
to  attempt  to  gather  the  solar  energy.  However,  not  until  0858  for 
the  Rt\  and  0407  for  the  GA  did  the  systems  finally  come  on  to  stay. 

\t  that  point,  the  roof  surface  temperature  was  46°C  (115°F)  and  the 
ground  was  42°C  (108°F).  Both  arrays  then  started  to  function  at 
full  flow,  approximately  60.6  1pm  (16  gpm) . 

The  RA  temperature  difference  between  inlet  and  outlet  con- 
tinued to  increase  to  a maximum  of  4.4°C  (8°F)  by  1145.  During  most 
of  th  ' operating  period,  the  temperature  difference  was  3.9°C  (7°F). 
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After  1445,  the  difference  slowly  decreased  to  eventually  reach  zero. 
The  GA  temperature  difference  increased  to  4.4^’c  by  1200,  but  fell 
quickly  back  down  to  3.9°C  or  less  during  most  of  the  collecting 
period.  The  maximum  temperature  in  the  RA  collection  loop  during 
the  day  was  49'^’c  (121°F)  reached  at  1340,  and  the  GA  maximum  was 
47^C  (117^^F)  also  at  that  time. 

As  both  arrays  continued  to  function  at  full  flow  and  with 
decreasing  temperature  rises,  the  storage  tank  temperature  was 
rising  to  a maximu  > of  41°C  (106°F)  by  1500.  by  this  time,  the  arrays 
had  begun  to  cool  dov/n,  and  the  solar  energy  collection  rate  dropped. 
Tlie  two  loops'  outlet  temperatures  began  to  more  closely  match  that 
of  the  storage  tank.  By  1600,  the  GA  outlet  temperature  had  decreased 
to  41°C  ( 106°F)  and  shutdown  began.  By  1603,  the  shutdown  procedure 
w.Ts  complete,  resulting  in  298.48  M.J  (282,902  Btu)  collected  over  a 
416  minute  period.  The  RA  also  shutdown  shortly  tlioreafter,  stopping 
flow  at  1616  with  a total  collection  of  317  MJ  (300,102  Btu)  for 
438  minutes. 

Tlie  R(\  had  run  longer  than  the  GA,  and  at  a higher  temperature. 
The  amouiU  of  energy  available  to  each  was  calculated  using  the 
insolation  available  from  the  Eppley  pyrancmeter  on  a horizontal 
surface  (Fig.  6-6),  19.47  MJ/m^  (1741  Btu/ft^)  for  705  minutes. 

When  converted  to  the  slopes  of  the  arrays,  and  divided  into  the 
amount  of  collected  energy,  the  resulting  efficiencies  were  59.8% 
for  the  GA  and  61.0%  for  the  RA.  Apparently  the  RA,  with  its  less 
steep  angle,  was  more  efficient  during  this  day  in  March. 
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Both  arrays  stopped  collection  at  higher  temperatures  than 
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they  began  the  day.  The  energy  stored  in  the  mass  of  the  arrays  was 
not  collected.  This  energy  was  lost  due  to  the  storage  tank  rising 
in  temperature  throughout  the  day  and  finally  surpassing  the  maximum 
temperature  of  the  outlets  of  the  collectors.  Also,  as  the  day 
progressed,  and  the  arrays  became  hotter,  the  collection  efficiency 
also  dropped,  resulting  in  some  energy  not  being  recovered  from  the 
mass  of  the  collectors.  It  would  seem  that  this  energy  could  have 
been  recovered  as  the  insolation  level  decreased,  but  the  higher 
fluid  temperature  in  the  afternoon  resulted  in  a larger  temperature 
difference  across  the  collector  glass  to  the  ambient  temperature,  and 
thus  a lower  overall  collection  efficiency.  Throughout  the  early 
evening,  the  collectors  cooled  slowly,  being  poor  radiators,  and 
finally  the  thermo-siphoning  began  again  on  the  RA  about  1900.  The 
storage  tank  temperature  slowly  decreased  due  to  the  water  being  used 
to  supply  the  house  with  heat,  and  the  final  temperature  was  36^C 
(97*^F).  This  reflected  a gain  of  energy  over  the  day  of  66.00  M.I 
(62,550  Btu)  in  tiie  storage  tank  water.  The  final  balance  of  energy 
is  shown  in  [able  6-i.  The  lost  energy  would  have  to  be  adjusted  for 
any  used  for  domestic  hot  water.  The  overall  efficiency  of  use  of 
collected  energv  was  39.5%. 

Table  6-1 
ENERGY  BALANCE 

(Ml) 

Collected  + 615.11 

Used  - 242.94 

Stored  - 66 . 00 

Lost  - 306.17 
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6.3  ^ nthly  J^e ^r_ma nee 

The  month  of  February  1977  was  chosen  as  the  month  to  be 
analyzed  in  this  report  due  to  significant  changes  which  occurred. 

As  is  shown  in  Appendix  B,  the  data  for  the  end  of  this  month, 
especially  the  period  of  21  to  24  February,  was  incomplete.  This 
was  due  to  transient  problems  in  the  microprocesso r circuitry  causing 
the  record  tape  to  not  pick  up  the  data  on  22  February  and  a faulty 
Input-Output  board  which  needed  replacement.  Also,  during  this 
time,  the  microprocessor  clock  began  to  show  igns  of  failure,  with 
a broken  lead  on  one  of  the  components  as  a cause. 

Fig.  6-7  is  a representation  of  the  data  from  this  month.  The 
house  heating  demand  started  off  at  the  higli  level  to  be  expected 
during  the  winter.  A maximum  of  6D0  M.l  (568,690  Btu)  was  required 
on  8 February  due  to  house  cleaning  and  painting  and  tiie  load 
decreased  from  there.  The  Degree  Days  for  the  month  are  shown  in 
Fig.  6-8.  On  approximately  13  to  14  February,  a peak  in  the  degree 
days  occurred.  This  peak  was  higher  than  the  number  of  degree  days 
on  8 February,  and  yet  the  house  heating  demand  did  not  rise  accord- 
ingly. This  was  the  first  indication  of  the  effectiveness  of  the 
urea  foam  and  roof  insulation  that  had  been  added  to  the  Solar  Test 
Ho  se  on  2 February.  Although  the  weather  apparently  wpuld  cause 
the  load  to  rise  to  at  least  the  level  of  500  MJ , it  did  not.  The 
load  during  13  and  14  February  peaked  at  384  Ml  (363,962  Btu).  Since 
the  we.ither  indicators  were  not  functioning  at  this  time,  the  impor- 
tant contribution  of  wind  to  the  house  heating  load  cannot  be 
determined.  However,  using  these  two  figures,  the  continued  effect 
of  urea  foam  is  obvious. 
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Figure  6-7.  House  Heating  Demand  February 


For  example,  the  highest  degree  day  recording  occurred  on 
25  and  26  February,  with  an  average  outside  air  temperature  of  -8°C 
(18°F)  and  a snowstorm  in  progress.  Yet,  during  this  period,  the 
house  heating  load  did  not  rise  above  the  level  reached  on  14  February. 
The  added  Insulation's  effect  was  direct  in  reducing  the  large  load 
from  cold  air  and  indirect  in  reducing  the  effects  of  the  high  winds 
that  accompanied  the  blizzard. 

Fig.  6-7  also  reflects  the  contribution  of  solar  energy  to  the 
house  heating  load.  During  the  month,  7,741  lU  (7,337,000  Btu)  were 
supplied  to  the  house  and  44%  was  from  solar  energy.  One  day  (17 
February)  was  100%  solar  energy.  The  effects  of  the  lowering  of 
the  tank  control  to  34'^C  (94°F)  and  the  decreased  mass  are  apparent 
when  the  totals  of  the  two  years  are  compared.  The  energy  provided 
by  solar  in  February  1976  was  2,645  MJ  (2,507,000  Btu)  and  in  1977, 
3,436  MJ  (3,257,000  Btu)(18,990  MJ  vs  20,865  MJ  available  energy). 

Tlie  performance  of  the  arrays  is  reflected  in  Figure  6-9  and 
6-10.  The  first  figure  shows  the  available  energy  (Q  ) to  the 
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arrays  throughout  the  month.  The  insolation  on  the  tilted  surfaces 
always  exceeded  that  on  the  horizontal  during  this  period  due  to  the 
low  position  of  the  sun  in  the  southern  sky.  Around  17  February  the 
roof  array  at  52°  finally  began  to  receive  more  than  the  ground 

array  at  60°.  This  was  more  pronounced  by  20  February  and  continued 
to  the  end  of  the  month.  Fig.  6-10  shows  the  efficiency  of  the 
arrays.  Tlie  efficiency  is  defined  as  the  energy  collected 
divided  by  the  energy  available  (Q  ).  The  arrays  showed  an  early 
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tendency  fur  the  ground  array  to  be  more  efficient  than  the  roof. 
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The  roof  array  began  to  show  some  improvement  at  about  16  February, 


but  was  very  low  from  25  to  28  February.  This  was  the  effect  of 
snow  deposited  on  the  arrays.  As  discussed  in  the  first  interim 
technical  report,  the  ground  array  will  clear  of  snow  much  sooner 
than  the  roof  array.  Also,  the  pyranometer  retained  some  snow  on 
26  February,  blocking  the  sun's  rays  from  the  measurement  device 
and  explaining  the  108%  efficiency  on  that  day.  The  direct  result 
of  snow  accumulation  was  very  poor  roof  array  performance  while  th. 
ground  array  was  functioning  normally. 

The  overall  efficiency  for  the  two  arrays  was  47%,  with 

9,879  MJ  (9,363,758  Btu)  collected  out  of  20,865  >U  (19,776,619  Btu'' 

available  and  with  the  roof  array  slightly  more  eflicient.  The 

overall  efficiency  obtained  by  dividing  the  3,436  R1  (3,256,238  Btu) 

provided  to  tl'e  iiouse  by  Q was  16.5%. 

^av 

6 . 4 Yearly  Per fo rmant^ 

The  collection  of  data  for  the  Solar  Test  House  covers  the  time 
from  December  1975  until  the  present.  As  the  project  began  to  excee.; 
one  year's  operation,  yearly  performance  could  finally  be  examini-d 
and  analyzed.  The  data  on  Figures  6-11  to  6-13  represent  this  time 
period  and  Includes  the  data  from  the  first  interim  technical  report 
for  comparison  to  later  data. 

Fig.  6-11  shows  the  heating  demand  experienced  by  the  Si'lar 
Test  House  and  tlie  amount  supplied  by  the  solar  energy  syste.m. 

This  figure  uses  a furnace  efficiency  of  50%.  The  data  from  December 
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Figure  6-13. 


The  first  year's  performance  reflects  the  ability  of  the  solar 
energy  system  to  supply  the  demand  under  the  original  control  systen 
logic.  The  reduction  of  tank  mass  and  the  lovering  of  control  tem- 
peratures became  effective  in  December  1976  and  the  data  first 
reflects  this  in  February.  Figure  fa-il  and  lable  o-_'  'Ot'n  show  the 
load  this  mo>-th  and  the  subsequent  improvement  oi  tiie  percentage  of 
solar  contribution.  Fig.  6-1-  clearly  indicates  tlie  upward  trend  of 
improvement  in  the  solar  energy  system  performance  from  the  previous 
year  during  this  period  and  on  to  the  pre.sent.  This  improvement  is 
especially  apparent  when  comparing  the  degree  days  of  each  year  shown 
in  Fig.  6-1!.  This  figure  shows  that  the  two  winter  seasons  were 
very  similar  in  severity,  with  both  months  of  March  being  nearly 
equal . 

Tile  co.iipa  r i son  of  Figures  6-11  and  6-1  ' shows  clcarlv  the  o.fects 
of  tlie  urea  loam  installation  in  the  house.  As  was  discussed  in  the 
monthly  peiformance  section,  this  foam  had  in  immediate  and  dramatic 
effect  on  the  nouse  lieating  demand.  This  was  especially  significant 
when  the  degree  days  of  each  montli  are  compared  from  year  to  year. 

With  both  periods  having  nearly  equal  possible  heat  loads  due  to  low 
ambient  temperatures,  and  a reduction  in  actual  heat  load  in  the 
house,  installation  of  urea  foam  proved  its  worth.  This  reduction 
allowed  the  solar  energy  system  to  operate  to  supply  a smaller  load, 
and  directly  improved  overall  efficiency.  Table  6-J  shows  that  as 
Lime  progres.sed,  and  the  initial  nrohliuns  in  liecemher  1976  and 
January  1976  are  not  included,  yearly  petformance  improved  to  49%  of 
the  load  supplied  hy  solar  energy.  7i  continuation  ol  this  improvement 
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HOUSE  HEATING  DEMAND 
(MJ) 


Month 

Provided 

Required 

70%* 

50%* 

Dec  75 

657 

7971 

8% 

5882 

11% 

Jan  76 

678 

7118 

10% 

5278 

13% 

Feb  76 

2645 

9365 

28% 

7445 

36% 

Mar  76 

4117 

11625 

35% 

9480 

43% 

Apr  76 

3777 

7575 

50% 

6490 

58% 

May  76 

1462 

3755 

39% 

3100 

U17, 

Jun  76 

891 

895 

100% 

894 

100% 

Jul  76 

- 

- 

- 

- 

- 

Aug  7 6 

50 

50 

100% 

5C 

100% 

Sep  76 

800 

853 

94% 

8 \& 

95% 

Oct  76 

3647 

7020 

52% 

6056 

60% 

Nov  76 

4694 

13202 

36% 

1077] 

44% 

Dec  76 

2452 

8851 

28% 

7029 

35% 

Jan  77 

2114 

10150 

21% 

7854 

27% 

Feb  77 

3436 

9465 

36% 

7741 

44% 

Mar  77 

4581 

7816 

59% 

6892 

66% 

Apr  77 

2226 

3343 

67% 

3024 

74% 

*Furnace  Efficiency 


HOUSE  HEATING  DEMAND 
TOTALS 
(MJ) 


Solar  Provided  Requirements 


(70^')*  (50%)* 

December  1975  - November  1976 

23,418  69,429  56,291 

34%  42% 

February  1976  - January  1977 

26,649  73,341  60,014 

36%  44% 

April  1976  - March  1977 

27,904  69,632  57,722 

40%  48% 

May  1976  - April  1977 

26,353  65,400  54,256 

40%  49% 


*Furnace  Efficiency 


Table  6-3.  Yearly  House  Heating  Demand  Totals 
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through  to  the  summer  months  is  anticipated  with  May  1977  performance 
reaching  100%  one  month  earlier  than  May  1976.  The  decreased  per- 
formance experienced  in  May  of  1976  was  a result  of  various  system 
problems  which  will  be  discussed  later. 

The  energy  available  to  the  collectors  and  the  solar  panels 
performance  for  the  project  time  period  is  shown  in  Figures  6-lA 
and  6-15.  This  performance  started  at  a lower  level  during  initial 
operations  but  eventually  settled  at  a level  between  5CI%  and  60%. 

The  apparent  dip  in  performance  in  October  1976  was  due  to  a failure 
in  the  pyranometer  amplifier  circuit  and  its  subsequent  replacement. 
The  overall  efficiency  from  March  1976  to  April  1977,  exclusive  of 
this  dip  in  October,  was  55%.  The  differences  between  the  two  arrays 
were  often  very  slight,  with  the  crossover  points  heiiig  di.scovered 
for  the  various  angles  and  discussed  elsewhere  in  this  report.  In 
general  the  ground  and  roof  arrays  performed  as  expected,  with  a 
subtle  surprise  during  the  summer.  This  period  of  hot  weather  saw 
a decrease  in  the  efficiency  of  the  roof  array  as  compared  to  the 
ground  array.  This  was  due  to  the  higher  temperatures  that  existed 
in  the  collection  loop  of  the  roof  array.  One  cause  of  this  was  the 
fact  that  the  roof  array  was  separated  from  the  attic  of  the  house 
by  only  one  slieet  of  plywood  paneling.  Tlu‘  higtier  temperatures  in 
the  attic  transmitted  into  the  hack  of  Che  solar  panels  and  raised 
their  surface  temperatures.  The  higher  surface  temperatures  immedi- 
ately resulted  in  reduced  collector  eliicii  icv.  Ibis  wav  be  one 
disadvantage  of  mounting  collectors  onto  a roof  without  Insulation 
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A second  reason  for  slightly  less  performance  efficiency  for 


the  roof  array  v/as  its  greater  tendency  to  air  blockage.  Again, 
this  problem  tended  to  manifest  itself  in  lowered  performance  by 
not  allowing  the  collection  fluid  access  to  a significant  area  of 
the  absorbing  surface.  The  effective  area  of  collection  was  cut 
and  the  roof  array  efficiency  suffered.  its  tendency  to  have  this 
problem  more  than  the  ground  array  was  directly  related  to  the 
height  of  the  roof  panels  in  that  loop  versus  the  height  of  the 
ground  panels  when  compared  to  the  pump  and  original  bleed  air  valve 
positions . 

6 . 5 Prob lem  Areas 

During  the  operation  of  the  solar  energy  system  over  this  time 
period,  numerous  problem  areas  were  encountered  and  solutions  attempted. 
The  start  up  period  was  characterized  by  microprocessor  checkout  and 
control  program  verification.  This  would  occur  with  almost  any  new 
system  until  the  initial  "bugs"  were  worked  out.  The  original  system 
of  paper  tape  being  produced  every  15  minutes  to  record  tht*  data  was 
prone  to  jamming  due  to  the  tape  drying  up  the  lubriant  or  the  tiny 
dot.s  becoming  stuck  in  the  gearing  of  the  punch.  The  rol'ance  of  the 
control  system  in  the  various  temperature  sensors  dictated  erratic 
operations  if  tlie  sensors  should  fail.  The  most  critical  senso * 
became  the  tank  sensor.  This  was  due  to  its  function  in  the  control 
loop  for  the  start  up  procedure,  the  hourly  running  of  the  system, 
and  the  use  of  solar  energy  in  the  storagf  tank  to  supply  the  house 
heating  demand.  This  sensor  failed  numerous  times  due  to  direct 
Immersion  in  the  storage  tank  water.  The  water  would  work  its  way 
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Into  the  wiring  and  short-circuit  the  sensor  circuit.  The  final  fix 
of  the  annoying  problem  was  the  enclosure  of  the  sensor  in  a copper 
pipe  which  was  capped  at  the  lower  end.  The  upper  end  was  packed 
with  dehydrant  and  sealed  with  silcon  gel.  This  arrangement  stopped 
sensor  failure  at  the  slight  sacrifice  of  less  than  absolute  accuracy 
of  temperature  readings  due  to  the  conduction  of  copper  rather  than 
direct  immersion. 

The  overriding  problem  of  air  blockage  continued  through  to 
April  1977.  Once  a block  occurred  detection  was  often  indirect.  A 
decrease  in  efficiency  was  a good  indication,  but  that  only  became 
apparent  after  analysis  of  the  data  sometime  later.  Feeling  the 
panels  was  another  detection  process  which  was  easily  done  on  the 
ground  array  but  not  so  on  the  roof.  Noticing  that  the  array  surface 
temperatures  were  elevated  more  than  normally  (during  the  day)  was 
another  method  of  detection  but  this  only  worked  if  the  blockage 
happened  in  cluster  one  or  four  where  the  sensors  were  located.  The 
installation  of  the  multiplexer  and  sensors  solved  this  problem  on 
the  ground  array.  Air  bubble  sounds  in  the  array  plumbing  was  still 
another  method  as  was  the  observation  of  elevated  pressures  during 
operation  of  tlie  collection  system.  Once  observed,  the  only  correc- 
tion procedure  was  to  take  off  the  flashing  at  the  top  of  the  array 
and  attach  the  small,  submersible  pump  at  the  end  of  the  return  line 
under  cluster  four.  A bucket  of  collection  fluid  was  used  to  supply 
makeup  fluid  and  each  panel  was  Individually  charged  by  opening  the 
petcock  at  the  top.  This  procedure  took  about  one  Itour  for  each 
array.  An  automatic  changing  system  is  therefore  being  explored 
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presently  to  allow  automatic  air  bleeding  and  rectiarge  wherever 
system  pressure  drops  below  a preset  level. 

The  variable  valve  electronics  system  caused  difticulty  in 
determining  the  actual  flow  rate  directly  for  analysis  purposes. 
Since  the  original  plan  had  called  for  electronic  reading  of  the 
flow  rate  through  Pottermeters  and  since  this  system  had  never  been 
installed,  flow  rate  based  on  valve  position  was  the  only  way  to 
relay  that  information  to  the  analysis  program.  The  valve  developed 
some  slack  in  the  linkage  such  that  the  selection  by  the  micropro- 
cessor of  a certain  signal  did  not  necessarily  translate  to  the 
exact  desired  flow  rate.  This  problem  usually  showed  up  in  analysis 
of  the  data  and  a sudden  increase  in  panel  efficiency.  If  the 
mechanism  for  controlling  the  valve  position  overran  its  stopo, 
the  valve  became  180^  out  of  sequence  and  opened  fully  at  night. 

This  was  observed  either  directly  by  the  resident  engineer  or 
indirectly  by  observing  the  high  roof  array  tempera i ure.s  due  to 
thermal  siphoning.  Other  problems  evolved  if  the  electrical  circuit 
became  slightly  out  of  adjustment.  Consequently,  the  variable  flow 
rate  function  caused  numerous  repairs  to  be  made  and  one  rewiring 
of  the  system  had  to  he  accomplished.  It  has  not  been  determined 
if  the  variable  option  has  proven  economically  advantageous  due  to 
these  problems.  It  does  allow  extra  energy  to  he  collected  during 
marginal  conditions,  and  could  allow  computer  control  to  set 
various  controlling  strategies,  hut  these  problems  have  made  the 
research  team  members  wary  of  attempting  too  many  changes  until 
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further  repairs  are  made  to  correct  the  variable  nature  of  the 
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valve  control  response  to  microprocessor  instructions.  ; 

6 . 6 Natural  Gas  and  Electricity  Consumption 

The  consumption  of  natural  gas  to  heat  the  house,  supply  the 
domestic  hot  water  (DHW)  and  cook  the  food  was  metered  throughout 
this  test  period.  The  meters  used  were  standard  gas  company  resi- 
dential meters  which  were  calibrated  by  the  local  gas  company 
during  January  1977.  The  control  house  (CH)  data  became  important 
at  this  point  for  the  comparison  of  its  consumption  to  tliat  of  the 
Solar  Test  House  (STH).  The  data  is  listed  in  Appendix  C and 
summarized  in  Table  6-4. 

Correlation  of  the  CH  to  the  STH  for  determination  of  savings 
was  very  difficult.  The  original  family  in  the  STH  added  one  member 
in  June  1976,  and  this  was  reflected  in  greatly  increased  natural  gas 
conusraption  for  DHW.  The  two  families  did  not  maintain  very  similar 
lifestyles  and  such  things  as  house  guests  or  leave  made  differences 
in  the  consumption  rate.  For  purposes  of  comparison,  therefore,  the 
natural  gas  totals  must  be  viewed  in  the  light  of  dissimilar  occupants 
and  habit  patterns. 

Table  6-4  shows  the  savings  realized  by  the  use  of  solar 
energy  for  the  STH  thermal  loads.  The  contribution  of  36%  of  the 
total  load  is  very  significant  considering  the  previously  mentioned 
differences  in  the  size  and  types  of  families  involved  plus  the 
constant  tours  occurring  at  the  STH.  Tlie  DH1>1  total  was  very  low  at 
20^.  This  led  to  a test  to  determine  the  amount  of  natural  gas  used 
for  the  pilot  light,  which  was  measured  at  25  cubic  feet  per  day. 
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This  natural  gas  usage  was  just  to  keep  the  tank  mass  at  the  present 
storage  level  temperature.  Another  test  was  conducted  to  determine 
the  efficiency  of  the  furnace.  The  Initial  results  indicated  an 
efficiency  of  converting  the  0.8A  MJ  (795  Btu)  available  from  each 
cubic  foot  of  gas  to  heat  into  the  the  outlet  ducts  at  65%.  The 
local  gas  company  and  other  researchers  in  solar  energy  in  the  area 
use  an  efficiency  of  50%  for  a new  furnace.  Since  the  ones  in  the 
houses  were  installed  in  1959,  the  efficiency  used  for  the  project 
was  assumed  at  50%,  with  a range  shown  on  some  figures  to  70%. 

The  electrical  consumption  of  the  STH  is  also  listed  in 
Appendix  C by  totals  measured  for  each  of  the  major  components: 
the  fan,  and  the  four  pumps.  The  total  consumption  of  electricity 
to  power  the  solar  energy  systems  was  4751.6  KKH  from  March  1976 
to  April  1977.  Since  the  fan  would  have  been  used  to  provide  the 
house  heating  even  with  ail  natural  gas.  the  consumption  without 
it  was  3288.7  ICl'JH.  The  energy  delivered  by  the  solar  energy  system 
during  this  time  was  42,333  MJ  including  the  figure  of  8086  MJ 
(7,663,800  Btu)  for  9640  cubic  feet  of  natural  gas  for  DHW.  The 
ratio  of  MJ/KWH  was  12.87  and  12,2U0  for  Btu/KWH. 


Table  6- A.  NATURAL  GAS  SAVINGS  (FT^) 


Total 

HHD 

DHW 

CH* 

247,820 

189,950 

49200 

STH 

159,750 

112,440 

39560 

Savings 

88.070 

77. 510 

9640 

% 

36 

41 

20 

*CH  does  not  include  January  1977 
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6.7  Overall  Analysis 

The  system  as  a whole  actually  functioned  rather  well  during 
this  reporting  period.  When  left  alone  and  not  varied  too  often, 
the  system  ran  at  a level  of  performance  a normal  homeowner  would 
have  expected.  There  were  occasional  leaks  due  to  the  thermal 
stresses  in  the  solder  joints  and  the  air  blockage  problem  was 
always  present.  A homeowner  could  have  maintained  this  system  by 
occasionally  feeling  for  the  blocks  and  bleeding  the  air  if  necessary 
while  recharging  the  fluid.  An  automatic  system  would  relieve  him 
of  even  that  task.  Once  running,  the  system's  automatic  control 
leaves  little  to  do  but  oil  the  pumps  and  check  general  conditions. 

A simpler  valve  installed  in  a home  would  solve  the  valve  mechanical 
problem  at  a small  reduction  of  some  energy  collection.  The  changing 
of  the  ground  array  angle  appears  to  be  only  necessary  twice  a year, 
from  45°  to  60°  and  back.  Thus,  this  system,  without  the  research 
capability  and  variability,  proved  reliable  and  very  feasible  overall. 
Problem  areas  were  noted  and  corrections  proposed  with  implementation 
already  accomplished  or  planned  for  the  future. 

[ 
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CHAPTER  7 


; CONCLUSIONS  AND  RECOMMENDATIONS 

7 . 1 Conclusions 

The  conclusions  drawn  from  the  experience  gained  on  this  pro- 
ject and  the  data  analyzed  by  the  researchers  are  the  following: 

a.  Yearly  performance  Improved  throughout  this  reporting 
period  to  reach  a maximum  of  49%  of  the  house  heating  demand  being 
met  by  solar  energy. 

b.  Air  blockage  in  the  collector  arrays  caused  a decrease 
in  collection  efficiency  due  to  restricting  the  fluid  flow  and 
increasing  the  collector  surface  temperatures. 

c.  Collector  slopes  affected  collection  efficiency  with 
60°  being  more  efficient  than  52°  during  the  early  winter.  A 
collector  slope  of  45°  was  more  efficient  than  52°  during  most  of 
the  year. 

d.  Decreasing  the  storage  tank  water  mass  and  lowering 
the  control  temperature  increased  the  time  the  energy  in  the  tank 
could  be  used  and  increased  the  overall  solar  contribution  to  meeting 
the  house  heating  demand. 

e.  Slowing  the  flow  rate  through  the  collectors  increased 
returning  water  temperature  entering  the  storage  tank  but  decreased 

1 

collection  efficiency, 

f.  The  faster  shutdown  procedure  saved  energy  normally 
lost  during  periods  of  lower  insolation  and  colder  temperatures. 
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g.  Urea  foam,  ceiling  insulation,  window  panel  insulation, 
and  crawl  space  insulation  dramatically  reduced  the  house  heating 
demand . 

h.  Thermographs  of  the  ground  array  qualitatively  indicated 
the  temperature  distributions  of  the  absorber  surface. 

i.  Thermography  can  be  used  to  determine  solar  collector 
flow  patterns,  air  blockages,  and  balancing  requirements, 

7 . 2 Recommendations 

The  following  are  recommendations  for  continued  research  on 
this  project: 

a.  Continue  to  monitor  the  effects  of  the  various  system 
and  operational  changes  for  comparison  to  previous  performance. 

b.  Determine  the  overall  effects  on  the  soJar  energy 
system  efficiency  from  the  energy  conservation  techniques  used  to 
date. 

c.  Determine  the  effects  of  further  reducing  the  storage 
tank  water  mass. 

d.  Solve  the  air  blockage  problem  on  the  roof  array  by 
installing  additional  air  vents. 

e.  Install  triple  glazing  to  determine  its  effect  on 
house  heating  demand. 

f.  Install  a new  sensing  system  for  the  domestic  hot 
water  system  to  determine  the  solar  energy  contribution. 

g.  Install  flow  meters  on  the  collector  fluid  flow  loops 
to  determine  the  rate  by  microprocessor  input  and  computer  analysis. 


7-2 


h.  Determine  the  effects  of  roof  array  and  ground  array 
location  by  placing  both  at  52°. 

i.  Install  a second  generation  solar  collector  on  the 
ground  array  for  direct  comparison  to  the  present  collectors, 

j.  Install  an  automatic  makeup  water  system  for  the 
collector  arrays. 


7-3 


BIBLIOGRAPHY 


r 


1.  Nay,  Marshall  W.  Jr.,  Jon  M.  Davis,  Roy  L.  Schmiesing,  William 
A.  Tolbert,  Solar  Heating  Retrofit  of  Military  Family  Housing, 
FJSRL  Technical  Report  76-0008,  September  1976,  Air  Force 
Systems  Command. 


2.  Simon,  Frederick  F. , "Flat-Plate  Solar-Collector  Performance 
Evaluation  with  a Solar  Simulator  as  a Basis  for  Collector 
Selection  and  Performance  Prediction",  Solar  Energy,  1976, 
Volume  18,  Number  5,  pp. 451-466,  Pergamon  Press,  New  York. 

3.  Schipper,  Thomas  C.  and  David  E.  Slack,  "Evaluation  of  Energy 
Conservation  Methods  Applied  to  the  USAFA  Solar  House”,  DFCEM, 
U.S.  Air  Force  Academy,  December  1976,  unpublished. 

4.  Mansfield,  Robert  G.  and  John  D.  Fouser,  "United  States  Air 
Force  Academy  Solar  House  Experiments",  DFCEM,  U.S.  Air  Force 
Academy,  May  1977,  unpublished. 


8-1 


idt 


1 


APPENDIX  A 

REVISED  CALCULATED  HEAT  LOSS  FOR 
TYPE  12  QUARTERS  (INCLUDES 
ENERGY  CONSERVATION  CHANGES) 


A-1 


Room/ 

Structural 

Area 

Heat  Load 

Totals 

Space 

Component 

Crack  L 

U 

AT 

(Btu/Hr; 

(Btu/Hr) 

Entry 

Floor 

44 

0.070 

50 

155 

Ceiling 

44 

0.029 

72 

92 

B6.B  Wall 

6 

0.064 

72 

27 

Glazing 

56 

0.560 

72 

2258 

Panels 

0 

0.300 

72 

0 

Door 

21 

0.330 

72 

499 

Infilt 

Inf  ilt,, 
w 

20 

1.000 

72 

1440 

42 

0.500 

72 

1512 

5983 

Living 

Floor 

270 

0.070 

50 

950 

Room 

Ceiling 

270 

0.029 

72 

563 

Brick  -Wall 
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APPENDIX  B 


SOLAR  ENERGY  SYSTEM  TAB  TJ^RIZED  PERFORMANCE 
DATA  SUMMARY 

(May  1976  to  April  1977) 
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SOLAR  TEST  HOUSE  DATA  SUMMARY 
May  1976 


Days  of  Record  Considered  - 27 

Total  Hours  Analyzed  - 586 

House  Heating  Demand  - 2,938,236  Btu 
(Hourly)  - (501A  Btu/Hr) 

Average  Solar  Insolation  - 1497  Btu/SF 

Average  Number  of  Degree  Days  - 14.3 

Btu  Available  to  Solar  Arrays  - 12,319,485 

Btu  Collected  by  Solar  Arrays  and  Storage  Tank  - 7,027,889 

(57%  of  that  available) 

Btu  Provided  to  House  for  Heating  by  Solar  Energy  - 1,385,125 
(47%  of  heating  demand,  50%  eff) 
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SOLAR  TEST  HOUSE  DATA  SU>!I!ARY 
June  1976 

Days  of  Record  Considered  - 28 

Total  Hours  Analyzed  - 663 

House  Heating  Demand  - 847,348  Btu 

(Hourly)  - (1278  Btu/Hr) 

Average  Solar  Insolation  - 1868  Btu/SF 

Average  Number  of  Degree  Days  - 5.3 

Btu  Available  to  Solar  Arrays  - 14,449,254 

Btu  Collected  by  Solar  Arrays  and  Storage  Tank  - 8,649,502 
(60%  of  that  available) 

Btu  Provided  to  House  for  Heating  by  Solar  Energy  - 844,154 
(100%  of  heating  demand,  50%  eff) 
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Solar  Storage  Ground  Array  Roof  Array 

Insolation  Tank  Temp  Performance Performanc 

(Btu/SF/Day)  Degree  Dally  Btu' s j Btu's  Btu's  ! Btu's 
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SOLAR  TEST  HOUSE  DATA  SUMMARY 
July  1976 


Days  of  Record  Considered  - 22 

Total  Hours  Analyzed  - 563 

House  Heating  Demand  - 1486  Btu 

(Hourly)  - (2.64  Btu/Hr) 

Average  Solar  Insolation  - 1708  Btu/SF 

Average  Number  of  Degree  Days  - 0.75 

Btu  Available  to  Solar  Arrays  - 11,493,302 

Btu  Collected  by  Solar  Arrays  and  Storage  Tank  - 6,201,337 

(54%  of  that  available) 

Btu  Provided  to  House  for  Heating  by  Solar  Energy  - 1486 

(100%  of  heating  demand) 
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House  Heating  Demand  (Btu's) 


SOLAR  TEST  HOUSE  DATA  SUMMARY 
August  1976 


Days  of  Record  Considered  - 28 

Total  Hours  Analyzed  - 642 

House  Heating  Demand  - 47,558  Btu 

(Hourly)  - (74.06  Btu/Hr) 

Average  Solar  Insolation  - 1387  Btu/SF 

Average  Number  of  Degree  Days  ~ 1.77 

Btu  Available  to  Solar  Arrays  ~ 14,266,813 

Btu  Collected  by  Solar  Arrays  and  Storage  Tank  - 8,757,695 

(61.4%  of  that  available) 

Btu  Provided  to  House  for  Heating  by  Solar  Energy  - 47,558 

(100%  of  heating  demand) 


Solar  Storage  Ground  Array  Roof 

Insolation  Tank  Temp  Performance  _ .j’orf^ 
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Shut  Down 


SOLAR  TEST  HOUSE  DATA  SUMMARY 


September  1976 

Days  of  Record  Considered  - 16 

Total  Hours  Analyzed  - 427 

House  Heating  Demand  - 794,271 

(Hourly)  - (1860  Btu/Hr) 

Average  Solar  Insolation  - 1129  Btu/SF 

Average  Number  of  Degree  Days  - 5.84 

Btu  Available  to  Solar  Arrays  - 9,319,601 

Btu  Collected  by  Solar  Arrays  and  Storage  Tank  - 5,310,037 

(57%  of  that  available) 

Btu  Provided  to  House  for  Heating  by  Solar  Energy  - 757,766 
(95%  heating  demand,  50%  eff) 


SOLAR  TEST  HOUSE  DATA  SUMMARY 
October  1976 

Days  of  Record  Considered  - 30 

Total  Hours  Analyzed  - 700 

House  Heating  Demand  - 5,739,980 

(Hourly)  - (8200  Btu/Hr) 

Average  Solar  Insolation  - 1154  Btu/SF 

Average  Number  of  Degree  Days  - 22.5 

Btu  Available  to  Solar  Arrays  - 18,460,164 

Btu  Collected  by  Solar  Arrays  and  Storage  Tank  - 7,855,654 

(43%  of  that  available) 

Btu  Provided  to  House  for  Heating  by  Solar  Energy  - 3,456,279 
(60%  heating  demand,  50%  eff)  (18.7%  of  that  available) 
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SOLAR  TEST  HOUSE  DATA  SU;-C»iARY 
November  1976 

Days  of  Record  Considered  - 29 

Total  Hours  Analyzed  - 585 

House  Heating  Demand  - 11,364,008  Btu 
(Hourly)  - (19,426  Btu/Hr) 

Average  Solar  Insolation  - 727  Btu/SF 

Average  Number  of  Degree  Days  - 30.2 

Btu  Available  to  Solar  Arrays  - 15,968,815 

Btu  Collected  by  Solar  Arrays  and  Storage  Tank  - 9,201,476 

(57.6%  of  that  available) 

Btu  Provided  to  House  for  Heating  by  Solar  Energy  - 4,449,449 

(44%  of  heating  demand,  50%  eff)  (27.9%  of  that  available) 


B-34 


So  la  r 

Insolac ion 


297519  135746  .45.6  1 290159  87924  30.3  Partial  Data 


Solar  j Storage  Ground  Array  j Roof  Array 

Insolation  i Tank  Temp  Performance  i Performanc 

(Btu/SF/Day)  Degree] ^ily  Btu's  Btu's  [ Btu's  Btu's 


Solar  House  Heating  Demand  (Btu's) 
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SOLAR  TEST  HOUSE  DATA  S L^Dl/.R Y 
December  1976 

Days  of  Record  Considered  - 22 

Total  Hours  Analyzed  - '*77 

House  Heating  Demand  - 8,088,881  Btu 

(Hourly)  - (16,958  Btu/Hr) 

Average  Solar  Insolation  - 691  Btu/SF 

Average  Number  of  Degree  Days  - 34.0 

Btu  Available  to  Solar  Arrays  - 14,394,822 

Btu  Collected  by  Solar  Arrays  and  Storage  Tank  - 6,958,739 


(48.3%  of  that  available) 

Btu  Provided  to  House  for  Heating  by  Solar  Energy  - 2,781,251 


ar  House  Heating  Demand  (Btu's) 

iolacion  Time  Average  Hourly 
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SOLAR  TEST  HOUSE  DATA 
January  1977 

Days  of  Record  Considered  - 19 

Total  Hours  Analyzed  - 375 

House  Heating  Demand  - 8,286,410  Btu 
(Hourly)  - (22,097  Btu/Hr) 

Average  Solar  Insolation  -•  634  Btu/SF 

Average  Number  of  Degree  Days  - 38.4 

Btu  Available  to  Solar  Arrays  - 10,113,583 

Btu  Collected  by  Solar  Arrays  and  Storage  Tank  - 4,807,498 
(47. 4Z  of  that  available) 

Btu  Provided  to  House  for  Heating  by  Solar  Energy  - 2,004,075 

(27.0%  of  heating  demand,  50%  eff)  (19.8%  of  that  available) 
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SOLAR  TEST  HOUSE  DATA  SUMMARY 


February  1977 


Days  of  Record  Considered  - 25 

Total  Hours  Analyzed  - 505 

House  Heating  Demand  - 7,337,946  Btu 

(Hourly)  - (14,530  Btu/Hr) 

Average  Solar  Insolation  - 939  Btu/SF 

Average  Number  of  -Degree  Days  - 25.8 

Btu  Available  to  Solar  Arrays  - 19,776,619 

Btu  Collected  by  Solar  Arrays  and  Storage  Tank  - 9,363,758 
(47.3^  of  that  available) 

Btu  Provided  to  House  for  Heating  by  Solar  Energy  - 7,256,238 

(44.0%  of  heating  demand,  50%  eff)  (16.5%  of  that  available) 
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Solar  Storage  Ground  Array  Roof  Array 

Insolation  Tank  Temp  Performance Performanc 
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House  Heating  Demand 


SOLAR  TEST  HOUSE  DATA  SUMI-IARY 
March  1977 

Days  of  Record  Considered  - 31 

Total  Hours  Analyzed  - 643 

House  Heating  Demand  - 6,532,235  Btu 
(Hourly)  - 11,308  Btu/Hr) 

Average  Solar  Insolation  - 1,233  Btu/SF 

Average  Number  of  Degree  Days  - 31.8 

Btu  Available  to  Solar  Arrays  - 22,718,737 

Btu  Collected  by  Solar  Arrays  and  Storage  Tank  - 10,538,960 
(4L.4'  of  that  available) 

Btu  Provided  to  House  for  Heating  by  Solar  Energy  - 4,342,146 

(fth.OZ  of  heating  demand,  50!!;  eff)  (19.0%  of  that  available) 


Roof  Array 
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SOLAR  TEST  HOUSE  DATA  SUMMARY 
April  1977 

Days  of  Record  Considered  - 28 

Total  Hours  Analyzed  - 607 

House  Heating  Demand  - 2,866,000 

(Hourly)  - (4722  Btu/Hr) 

Average  Solar  Insolation  - 1398  Btu/SF 

Average  Number  of  Degree  Days  - 20.1 

Btu  Available  to  Solar  Arrays  - 14,517,542 

Btu  Collected  by  Solar  Arrays  and  Storage  Tank  - 8,608,993 

(59%  of  that  available) 

Btu  Provided  to  House  for  Heating  by  Solar  Energy  - 2,110,189 
(74%  heating  demand,  50%  eff)  (14.5%  of  that  available) 
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APPENDIX  C 

NATURAL  GAS  AND  ELECTRICITY  CONSUMPTION 


TITLE 

Natural  Gas  Consumption  (STH)  C-2 
Natural  Gas  Consumption  (CH)  G-3 
Electricity  Usage  C-4 


NATURAL  GAS  CONSUMPTION  (FT^) 
STH 


Month 

Total 

Heating 

DHW 

Stove 

F^ 

7,600 

6,510 

1010 

80 

M 

17,480 

15,210 

2180 

90 

A 

13,200 

9,360 

3320 

520 

M 

10,170 

6,310 

3310 

550 

J 

5,700 

1,680 

3380 

640 

j2 

A, 740 

1,310 

2520 

910 

A 

3,510 

1,360 

1670 

480 

S 

9,050 

4,880 

3530^ 

640 

0 

11,950 

7,870 

3680 

400 

N 

18,250 

14,720 

3110 

4 20 

D 

29,760 

24,430 

4000 

1330 

J 1977^ 

— 

— 

— 

-- 

F 

9,420 

7,620 

1480 

320 

M 

13,090 

8,990 

3370 

730 

A 

5,830 

2,190 

3000 

640 

Total 

159,750 

112,440 

39,560 

7 750 

Last  half  of  month  only 
Furnace  tests  and  house  guests 
New  baby  (diapers) 

Meters  removed  3 Jan-10  Feb 
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NATURAL  GAS  CONSUMPTION  (FT  ) 
CH 


Month 

Total 

Heating 

DHW 

Stove 

197G 

13,540 

11,550 

1890 

100 

M 

27,720 

23,010 

4020 

690 

A 

21,250 

16,330 

4280 

640 

M 

14,450 

9,980 

3820 

650 

6,800 

3,620 

2750 

430 

4,270 

1,570 

1650 

1050 

A 

5,580 

2,100 

3000 

480 

S 

12,090 

7.600 

3740 

750 

0 

16,960 

12,600 

3720 

640 

N 

24,040 

19,630 

3720 

690 

D 

31,240 

27,220 

3450 

570 

1977 

29,920 

25,930 

3480 

510 

F 

25,180 

20,320 

4290 

570 

M 

24,280 

19,640 

4050 

590 

A 

20,420 

14,780 

4820 

820 

Total 

277,740 

215,880 

52,680 

9180 

Last  half  of  month  only 
Flouse  empty  two  weeks 
House  guests  23  Jun-6  Jul 
House  empty  two  weeks 


ELECTRICITY  USAGE 

STH 

(KWH) 


Month 

Fan 

RA 

HC 

GA 

DHW 

M 1976 

158.7 

97.8 

33.5 

116.3 

— 

A 

124.1 

122.3 

29.7 

132.8 

— 

M 

53.6 

122.0 

16.6 

127.2 

— 

J 

17.8 

99.0 

5.3 

105.2 

4.0 

J 

0.2 

74.1 

0.2 

75.7 

5.8 

A 

1.0 

84.4 

0.4 

100.5 

20.0 

S 

27.0 

100.1 

4 . 6 

114.3 

9.4 

0 

97.7 

100.2 

23.5 

107.8 

9.9 

N 

159.0 

88.4 

34.2 

87.3 

5.9 

D 

179.9 

97.4 

33.8 

98.0 

5.9 

J 1977 

■n 

239.9 

108.3 

47.1 

104.9 

13.9 

r 

M* 

335.0 

206.0 

73.0 

21  5.0 

10.0 

A 

69.0 

93.0 

21.0 

96.0 

7.0 

Total 

1,462.9 

1,393.0 

322.9 

1,481.0 

91.8 

* February  and  March  combined 
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